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ABSTRACT, The purpose of this paper 
is to give evidence of the existence of a 
relationship between four spot-welding 
parameters. To accomplish this, spot 
weld joints were made in 11 gage Armco 
Iron. These four parameters are as 
follows: 

1. The physical strength of the spot 
weld in tension shear (coupon is in tension 

weld in shear), 

2. The mechanism of weld failure when 
pulled in tension shear. Terms in the lit- 
erature that are used to describe these 
failure mechanisms are shear, button, 
tear, etc. Only the three failure mech- 
anisms which the authors have called 
shear, intermediate and tear were observed 
in this investigation. 

3. The macro-geometry of the weld 
cross section, @.g., the size and shape of 
the cast nugget and of electrode indenta- 
tion, the bond area in the faying plane that 
is not part of the nugget, ete. 

4. “Sectioned Spot Shear Test’’ obser- 
vations, These are observations of the 
exposed cross section of a spot weld as 
load is applied to the section in tension 
shear. Half of the spot cross section was 
exposed by longitudinally splitting the ten- 
sion shear coupon. This allows the strain 
reaction to the application of loading to 
be traced renee the section. The ob- 
servation technique is explained in the 
paper. 
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The four-parameter relationship is 
established by showing individual corre- 
lations between several parameter pairs 
such that a general interdependence is 
shown to exist. The parameter pairs that 
were related for the purposes of this in- 
vestigation are as follows: 

1. The spot-weld mechanism of failure 
(Parameter No. 2) is shown to be related 
to strain reactions observed in the sec- 
tioned spot shear test (Parameter No. 4). 
That is to say, the occurrence of the vari- 
ous failure systems in whole welds can be 
explained in terms of the movement of 
plastic strain as it is traced in similar sec- 
tioned half welds. This validates the 
sectioned spot shear test as a useful tool 
for understanding the behavior of the 
spot weld joint under stress 

2. The failure system of a spot weld 
when loaded in tension shear (No 2) is 
shown to be determined by the macro- 
geometry of the cross section (No. 3 
This is established by noting that the sys- 
tem of failure changes when the cast nug- 
get development reaches certain stages 
A similarity was seen in this respect for all 
three welding runs studied. Also this 
relationship is explainable in terms of ob- 
servations of the sectioned spot shear test 

3. Lastly, the physical strength of a 
spot weld (No. |) is shown to be related 
to the weld failure system (No. 2) by ob- 
serving the similarities of the dependence 
of each on welding heat for each of the 
three welding runs used 


Introduction 

Spot welding specifications of quality are 
probably expressed more often in terms 
of tension shear strength than all other 
parameters combined. The purpose of 


Rudy, McCauley, Green—Spot Welds 


failure system, weld strength, macro-geometry 


this paper is to indicate a relationship 
between weld strength and three other 
parameters: the system of failure, the 
macro-geometry of weld cross section, 
and the observations of a cut away weld 
cross section under stress. The estab- 
lishment of these correlations will in- 
crease the value of each as a measure of 
spot weld quality. The mechanism of 
failure in tension shear (button or shear) 
found limited reference in 


Statements of desired 


has already 
the literature 
cross section macro-geometry are even 
more common In many specifications, 
the geometry of the cast nugget is con- 
However, the 
fourth parameter which is introduced 
into this study is a new one. The ob- 
servations of cut away cross sections 
under stress valuable 
primarily as a tool for explaining other 
These 


trolled for acceptability. 


are shown to be 


relationships and dependencies 
observations were accomplished by 
means of a ‘‘Sectioned Spot Shear Test’’ 
which was dey 


purposes of this investigation 
Experimental Procedure 
Welding 

In a sense, this investigation is a 
in weld properties 


ised by the authors for the 


study of the change 
which occur with a change in weld cross 
section geometry. Therefore, welding 
machine settings were chosen to produce 
a variety of weld cross-section shapes. 
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Table | Welding Variables 
WELDING ELECTRODE PERCENT WELDING SQUEEZE HOLD ELECTRODE 
RUN FORCE HEAT CURRENT TIME Time GEOMETRY 
(POUNDS (CYCLES) (CYCLES) (CYCLES) 
A 4000 100 16 - 60 80 o- 
B 4000 100 6.46 80 60 
1300 100 6-50 80 60 


It was found that the most effective 
method of obtaining a gradual contin- 
uous change in geometry was to vary 
the number of weld cycles from no weld 
to excessive heat. Table | presenta the 
machine settings, pressures and elec- 
trode shapes used to produce the welds. 
Three welding runs were used. Each 
welding run consisted of a group of 
joints in which all machine variables 
were held constant except for the dura- 
tion of current flow. The time in cycles 
was varied in small increments from a 
minimum which gave no weld to a 
maximum limited either by excessive 
indentation — or melting. 
Kither electrode shape or welding force 
was changed from run to run as shown in 
Table 1. 

The welding was accomplished on a 
2-phase, OO0-cycle, 150-kva, RWMA 
No, 2 spot welder, Current durations 
greater than the 30 cycle single pulse 
maximum were obtained in two pulses 
separated by one cycle of cool time. 
Just prior to welding, the inside (faying) 
and outside surfaces of the specimen 
were cleaned with a wire brush followed 
Four to six ten- 


electrode 


by fine emery cloth. 
sion shear coupons (single spot) and two 
specimens for metallographic 
tion were prepared at each machine 
setting combination at the same time. 
Care was taken to keep the electrode tips 
dressed and uniform for all similar weld 
sets. 


Spot welds 


\ 


\\ 


Sectioned Spot Shear Test 

When employing the ‘‘Sectioned Spot 
Shear Test’’ technique, a spot weld is 
sectioned, polished and etched. The 
grain structure thus exposed is observed 
as the weld is loaded in tension shear. 
In this manner microscopic evidences of 
plastic strain ean be traced from grain to 
grain as the joint is subjected to increas- 
ing levels of stress. A sketch of this 
specimen is shown in Fig. 1. The 
sequence of fabrication of the specimen 
was as follows. Sheets 2 by 4 by 11 gage 
(0.125 in.) were spot welded in two 
places as shown. The first spot is the 
test weld and is identical to the group of 
whole welds with which it is to be com- 
pared. A center section of this test 
weld was then exposed by a saw cut 
running the entire 6-in. length of the 
coupon. This exposed section was then 
polished and etched to reveal the weld 
microstructure, 

The purpose of the second weld was to 
balance the tensile 
machine loading and thus limit the 
stresses in the test weld to those which 
This second 


eccentricity of 


are due to tension shear. 
weld is weakened by a saw cut as shown 
so that both half welds will be of the 
same order of strength. However, if 
the test weld is to be observed at stresses 
up to weld failure, it must fracture be- 
fore the second weld since the tension 
shear system of loading is destroyed as 
soon as either spot fails. 


After the specimen was prepared, 
polished and etched, the cross section 
was observed at no load and three fine 
vertical lines were scribed on the 
polished surface. These scribed lines 
serve to trace subsequent deformation 
and to locate the cross section areas 
which are being observed. The speci- 
men is then loaded to a low stress level, 
removed from the tensile machine, 
examined under a microscope, reloaded 
to a higher stress level, re-observed, etc 
until failure occurs. Photographs of 
cross sections at various load levels are 
pictured in later figures. 


Physical Testing 

The physical testing which was per- 
formed as part of this program gave, 
first, the ultimate strength of each weld 
set in tension shear and, second, the 
characteristic system of failure for each 
weld. Attempts to obtain a measure 
of joint ductility with the ‘‘cross-tension 
test’’ were abandoned because of the 
insensitivity of the material to the cir- 
cumferential notch. Results of this 
test were merely a measure of spot 
diameter in most cases. 

The ultimate strength of each weld 
group was taken as the average of four 
to six coupons pulled to failure in the 
tension shear test. The coupons used 
are shown in Fig. 2 and are the RWMA 
recommended standard for 
material. A hydraulic tensile testing 
machine was used with a loading speed 
of 0.2 ipm. No yield point was ob- 
served. 

The characteristic system of failure 
was recorded for each test. These 
systems are shear, intermediate and tea: 
as shown in Figs.4,9and 14. Although 
all failures fit into one of these three 
categories, there were variations within 
each group as is to be expected. These 
differences are described below. 


Macro Cross-Section Geometry Measure- 
ments 
One of the four parameters being 


the shaded area is 
removed after welding 
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and etched 
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TENSION SHEAR STRENGTH 
Fig. 2: Tension shear 


Fig. 3  Macro-geometry of 
cross section 
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Fig. 4 Photograph of a shear frac- 


ture in the tension shear test. Center 
area shows deformation sur- 
rounding area does not 


studied is the geometry of the weld 
cross section The sizes and shapes ol 
zones in each cross-section weld set 
were determined, The actual measure- 
ments recorde| were: weld bond diam- 
eter, cast nugget diameter, cast nug 
get height, and weld thickness as shown 
in Fig. 3 

A single joint from each weld setting 
etched and 


The dimen 


was sectioned, polished 
observed microscopically 
sions were then determined with a 
micrometer eyepiece mounted on a me- 
tallograph It is felt that the use of 
measurements taken from a single sam- 
ple for each weld setting combination is 
justified because of the relatively small 
increment of welding heat between 
adjacent sets within each welding run 
Each section geometry as it was meas- 
ured, was compared with its nearest 
neighbors in the welding run. In in 
stances where the shapes and sizes 
seemed out of line with adjacent welds 
the dimensions were checked by prepar 
ing a second specimen that had been 
welded at the same time. The accuracy 
of these measurements is dependent pri 
marily on the ability of the technician to 
expose a section of the weld which is a 
diametrical plane. The results of these 
measurements are recorded graphically 
»”») 


in Figs. 21, 22 and 23 


Fig. 5 
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Unstressed solid phase bond spot weld 


Discussion of Results 
Sectioned Spot Test Observations 


sectione | 


The discussion of } 


shear test observations is divided into 
three parts according to the three char 
acteristic systems of failure in the ten- 
sion shear test These svstems are 

1. Shear failure (Fig. 4) in which the 
fracture plane is the faying plane 

2. Intermediate failure (Fig. 9) in 
which the fracture occurs partly 
the faying plane and then veers off to 


Long 


pull a button 


3. Tear failure (Fig. 14) in which 


the fracture occurs perpen licular to 
the faying plane in an area removed 
from the nugget itself 

Since both intermediate and tear 
failures may sometimes be classed as 
button failures, the latter term has been 
avoided 

In each of the failure mechanisms pre 
it can be seen that 
whole wel Is 


iden es 


viously mentioned 
the fracture patterns of 
can be explained by the strain e 
observed in exposed half sections of 
similar welds as both coupons are loaded 


in tension shear. 


Shear System of Failure 

A typical 
weld loaded in tension shear is shown in 
Fig. 4 
face in the center of the fracture circle 


hear type failure of a spot 


The irregular or nonplanar sur 


shows that some base metal deformation 
did oecur This is in contrast to a 
weaker group of shear failures in which 
the whole fracture circle was a smooth 
plane similar to the area surrounding 
the deformed 
weld bond in both of these cases was a 


circle as shown The 
solid phase heat and pressure type as 
shown in Fig. 7 In the first case, how 
ever, this solid phase bond is strong 
enough to withstand the 
load and the path ol 
In the weaker case the 


solid phase bond in the faying plane is 


apphed 
fracture is in the 
parent metal 
fracture 


not complete! formed inal 


occurs ilong the plane of bonding 


To observe the 
shear failure, a weld that had been fail 


cross section of a 


incorporated as the test 


ing thus wa 


load. 
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weld in the sectioned apot shear test. 


This weld wa then prepared and studied 
load is prey jously described 
Figure 5 is a macrograph of this weld 
section betore d was applied Three 
vertical lines have been seribed for 
location purposes for the subsequent 
photomicrographs Note that solid 


phase grain growth across the faying 
plane is more complete in the center of 
the weld whicl 
iture Che extent of this growth deter- 
mines the strength of the bond itself, 
Figure 6 is a macrograph after maximum 
loud but before complete fracture. The 


displacement of the scribed lines shows 


reached a higher temper- 


that weld failure has occurred in shear 
slippage along the faying plane 

Figure 7 is a micrograph of the area 
including the right-hand scribed line at 
no load. Thi hows 
bond and surrounding mucrostructure. 
Figure S is a 
side of the weld after the application of 
some load The 


in the bond of 


the solid phase 
milar area on the other 


slippage has 
faving 
plane but is removed slightly into the 
metal Phi 
ippearance of nonplanar nature of some 
of the shear system fractures. Slightly 
lower heat welds fractured along the 
hond itself with little or no deforma- 


plasti 
not oe urred 


parent explains the 


tion 
Intermediate System of Failure 

One half of a typical intermediate 
type failure mechanism is pictured in 
big. 9 Chis fracture shows the metal 
button pulled from the other plate 
This button | irrounded by a plane 
fracture area similar in appearance to 
the corresponding area in a shear frac- 
ture lig 
vhich fracture within the intermediate 


} Some of the spot welds 
lassification exhibit a large planar area 
irea of the pulled but- 
ton. These intermediate type failures 
while the 
pposite extren resemble tear type 


ir id to resemble hear 


found to fail with an 
ntermediate type fracture was incor- 
sectioned spot shear 


Three 


porated into the 


test as previous! described 


Fig. 6 Same weld (Fig. 5) after application of maximum 
Note displacement of three scribed lines 
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Fig. 7 Same weld (Fig. 5) showing area to ‘the right of 


right-hand scribed line at no load 


vertical lines were scribed as before, 
the centerline through the cast nugget 
and the two outside lines through the 
solid phase bonded areas of the weld. 

The four photomicrographs of Figs. 
10, 11, 12, and 13 show the area of solid 
phase bonding at four stress levels. 
Figure 10 shows this area at no load. 
The applied stress will be to the right in 
the upper half of the joint. The next 
figure (11) shows the same area after a 
load of 3500 Ib had been applied to the 
sectioned spot specimen. Plastic 
strain has moved in from the right edge 
of the weld bond, starting at the notch 
caused by the weld joint. Figure 12 
shows approximately the same area 
(note seribed line) after the application 
of 5000 |b stress to the coupon, As 
strain has moved left from the notch, it 
has shown no apparent preference for 
the faying plane over the parent metal. 
The smaller grained area to the left 
is the beginning of the cast nugget 


Fig. 10 Area just inside notch showing solid saat bending 
at no load 


Fig. 8 Same weld (Fig. 5) showing area of left-hand 
scribed line after application of 3500 Ib stress. 


Note that 


metal flow has not occurred along the faying plane 


structure. The last figure of this series 
(Fig. 13) shows the area just to the left 
of the scribed line which is visible at the 
right lower margin. This micrograph 
shows how the more strain-resistant 
cast nugget structure impedes the 
movement of strain. In this area, 
plastic strain can no longer occur near 


Fig. 9 Photograph of intermediate 
fracture. Shows center button sur- 
rounded by sheared surface 


Fig. 11 


the faying plane as would be expected 
from the shear system of weld loading. 
Therefore slippage occurs around the 
nugget, causing a button to pull away 
from one of the joined sheets. This 
explains the whole weld fracture appear- 
ance of an intermediate type failure. 


Tear System of Failure 

A typical tear failure is pictured in 
Fig. 14. In this system of failure, no 
part of the fracture path is parallel to 
the faying plane. The failures observed 
were tears either around the spot as 
pictured or across one of the sheets. 
In both cases the fracture is tensile 
rather than shear or slip as in the other 
failure systems. 

A weld that had been found to fail by 
tearing was incorporated into the sec- 
tioned spot shear test for study of its 
cross section under stress. Figures 15 
and 16 show macrographs of this sec- 
tioned weld at no load and at failure 


tans area (Fig. 10) after application of 3500 Ib 


load to the right in the top sheet 
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Fig. 12 Approximately same area (Fig. 


lb load. Cast nugget is to the left 


The fracture is almost perpendicular to 
the direction of loading and has the 
appearance of a tensile fracture in the 
welded sheet slightly removed from the 
nugget. The scribed lines are bent on 
either end of the cast nugget but the 
centerline is only slightly deformed if at 
all. This suggests that defects in the 
center of the nugget might not be too 
important in this instance 
Photomicrographs of this cross sec- 
tion at various stress levels are shown in 
Figs. 17 to 20 
area between the weld edge and the 
Note the rela- 
tive shortness of this distance compared 


Figure 17 shows the 
cast nugget at no load 


to cross sections exhibiting the tendency 
to fail by shearing 

the same area after 
3500 |b of stress to the composite speci- 


Figure 18 shows 
application of 


men. The loading is to the right in 
the upper sheet. Evidence of strain is 
apparent between the edge of the weld 
and the cast structure. Figure 19 
shows the same area at a test specimen 
load of 6000 lb which was just below 
failure stress. The 


plastic strain is 


Fig. 15 Unstressed weld showing cast nugget 
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10) after 5000 


just under failure. 


Fig. 13 Approximately same area (Fig. 10) after stress 
Cast nugget has resisted strain. 


Note 


the roughly 45-deg line dividing strained and unstrained 
areas 


Fig. 14 Photograph of a tear frac- 


ture. 
faying plane 


removed from the spot. 
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still confined to the sume small area 
instead of progressing away from the 
it did in the intermediate sys- 
tem of failure Of note is the fact that 
the rough dividing line between strained 
ind unstrained metal is more nearly 
vertical than in Fig. 13 (intermediate 
idently the small distance 
between notch and nugget combined 
with the height of the nugget above the 
faying plane resulted in a geometry of 
spot weld which protected the 45-deg 
plane which is susceptible to slip, Once 
failure by shear in this direction is 
effectively blocked, the sheet itself fails 
in tension initiated at the notch at the 
edge of the weld. The last figure in 
this series (Vig. 20) shows the almost 
completely unstrained cast nugget struc- 


notch as 


failure | 


ture 
Failure System vs. Weld Strength 

rhe foregoing discussion of the see- 
tioned pot shear test was divided into 
ponding to the 
shear, intermediate and tear failure 
studied, These failure #ys- 


three 


ecthions cori 


Fig. 16 Same weld (Fig. 15) showing failure on the left 


Note scribed lines 


‘if 

% =; 3 


Fig. 17 Same weld (Fig. 15) showing notch and cast 


nugget at no load 


tems were seen to he separate and (lis- 
tinct from each other according to 
observed behavior of the weld sections 
under stress. It is to be expected that 
such marked differences in strain be- 
havior will be reflected in the ultimate 
strength of the weld in tension shear. 
The initial strain reaction to stress is 
the same in each system. That is, 
evidence of strain first appears at the 
weld edge and progresses along the fay- 
ing plane toward the center of the weld 
The difference between the three sys- 
tems is the manner in which this move- 
ment along the faying plane is blocked 
In the shear system of failure this 
movement is continue 
through the spot. The intermediate 
system of failure produced a change in 
the slippage path after considerable pro- 


allowed to 


gression along the faying plane; while 
failure by tearing resulted from almost 
immediate interference with faying 
plane slip. Therefore, reasoning that 
strength increases with interference to 


Fig. 18 Same area (Fig. 17) after application of 3500 Ib 


load to the right in the top sheet 


strain, the order of strength should be 
shear, intermediate and tear systems, 
from weak to strong 
and 23 show this to be generally true 
for Welding Runs A, B and C, re- 
spectively, 

Figure 21 is a plot of percent indenta- 
tion, and ultimate strength as functions 
of cycles of welding current for Welding 
Run Ain Table 1. Notice that the weld 
strength plot exhibits a rapid increase 
between 36 and 44 cycles. This is also 
the weld heat at which the system of 
failure changes from shear to intermedi- 


Figures 21, 22 


ate. Figure 22 is a plot of spot weld 
strength, percent indentation, and the 
percent of the weld bond that is cast 
nugget all plotted as functions of cycles 
of welding current for Welding Run B, 
Table l. Figure 23 shows the same para- 
meters for Welding Run C. In both of 
these figures the weld strength is again 
increased at the heat (10 cycles) at 
which the failure system changes from 
shear to intermediate. Therefore Weld- 


Fig. 19 Same area (Fig. 17) after application of 6000 Ib 
load. Note the roughly vertical line dividing the un- 
strained and the strained areas 
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ing Runs A, B and C all show a strength 
increase of the intermediate over the 
shear failure system 

Figure 21 does not include any welds 
which failed by tearing. Larger elec- 
trodes were used for this run and the 
distribution of heat caused excessive 
indentation and electrode melting before 
an appreciable cast nugget structure 
was formed. 
ever, have welds that failed by the tear 
system at their upper heat values 
Welding currents of 28 or more cycles 
in both of these runs produced welds 
that failed by tearing. In Fig. 22, 
Welding Run B, there is no marked 
increase in weld strength at this point. 
However, there is a gradual strengthen- 
ing at higher heats. Figure 23, Run C, 
however, shows a definite step increase 
in weld strength on failure by tearing 
This is as expected from observations of 


Figures 22 and 23, how- 


the sectioned spot shear test. The 
strength is seen to drop off again at the 


higher heat tear failures but this is due 


failure showing unstrained cast nugget 
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f the joint by exces- 


SHEAR | INTERMEDIATE si\ nadet on \lore electrode pres- 


FAILURES FAILURES ire WV used for Run B than for Run 
oie tablished why this dif- 


ference woul strength 


WELD re gradual 


STRENGTH 


Macro-Geometry vs. Failure System 


In the preceding discussion on the 


INDENTATION 


itil ol tive ectioned spot shear 
the variou n patterns obtained 


PERCENT 


loading the sectioned spot were de- 
INDENTATION ribes hf system. From 
ms it is apparent that 


JLTIMATE STRENGTH - POUNDS 


development of a cast nugget plays 
“* in important part in the distribution of 


- ~ tre in failure system of the 
20 24 26 32 36 40 44 46 60 64 veld For thi reason the plot “per. 


CYCLES OF WELDING CURRENT . 
Fig. 2 . id h cent of the weld bond that is cast nug- 
ig. 21 Welding run A, parameters vs. weld heat 7 ' included in Figs. 22 and 23 to 


give a measure of nugget development. 
In Figs. 2 ind 23 it is apparent 
that shear fail prevented at that 
heat at which a cast nugget first begins 
INTERMEDIATE TEAR ree to form. Figures 22 and 23 show that 
FAILURES PERCENT 
ALU FAILURES CAST NUGGET intermediate failure is prevented when 


IN WELD BOND the cnst nugget tructure occupies 
DIAMETER 
roughly SOC), of the weld bond These 


correlation ive ted from sec- 


os 


tioned spot hear teat observations. 


UN 


WELD 
STRENGTH 


o 
° 


Conclusions 


PERCENT 


The following conclusions are indi- 
cated by the data presented in this 
paper These conclusions are limited 

INDENTATION to spot welds in 11 anaes Armee 
s relatively soft and ductile, 


w 
x 
w 
a 
2 


vations of the exposed spot 


‘6 20 24 2 8 36 40 44 486 562 


CYCLES OF WELDING CURRENT 
: indications of the reaction of a 
.22 Welding run B, parameters vs. weld heat similar whole weld to applied stress, 


ectioned spot shear test” give 


4 Spot welds fail by either a shear, 


intermediate or tear system of failure 


as defined 

° NUGGET iN Phe macro-geometry of the weld 

2 he WELD BOND Cro ection determines the system of 

DIAMETER The most unportant taetor is 

wELD tent development of the cust, 

STRENGTH 


shear are 
velde that fail 


tem of failure, 


INDENTATION « 


ULTIMATE STRENGTH - PoUNDS 


that fail by tearmg are 
myer than intermediate fail- 


ah The four parameters failure sys- 
32 36 40 44 48 tem, weld strength, macro-geometry of 


G CURREN cross section and sectioned spot shear 


Fig. 23. Welding run C, parameters vs. weld heat test observations are related 
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THE EFFECT OF MICROSTRUCTURE 
ON NOTCH TOUGHNESS—PART III 


Lehigh investigalion covers the notch toughness 


of pearlile and ferrite aggregates 


Introduction 


It has been well established by previous 
investigations that the microstructure 
of a steel has a strong influence on its 
notch toughness. In quenched and 
tempered steels the relation of notch 
toughness to microstructure has been 
demonstrated particularly for mixed 
structures. The harmful effects of small 
amounts of ferrite and pearlite have been 
clearly shown. Relatively little quan- 
titative work has been published on un- 
hardened steels, including the structural 
steels which are used for engineering 
structures subject to environmental 
conditions conducive to brittle failures. 
It is known that the factors of impor- 
tance to notch toughness in unhardened 
steel include austenitic and  ferritic 
grain size, the amount and distribution 
of the ferrite and pearlite, and possibly 
inclusions, A complete understanding 
of the interplay of these microstructural 
variables is essential because of the com- 
plexity of microstructures produced by 
fabrication operations such as welding, 
cold forming and heat treatment. Thus 
a study of the effects of the usual base 
metal microstructures on notch tough- 
ness is insufficient. Microstructures 
capable of resisting the initiation of 
brittle fracture may nevertheless prop- 
agate a fracture initiated in less resist- 
While special 
combinations of microstructures have 
been synthesized and tested for notch 
toughness, a thorough understanding of 
the problem will not be achieved until 
the effect on notch toughness of each 
micro-constituent, singly and in com- 
bination, is known 

The initial investigations of the prob- 
lem were confined to the simpler case of 


ant microstructures 
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in a fine-grained plain-carbon (0.32% C) steel 


BY J. H. GROSS AND R. D. STOUT 


eutectoid steel. In the first investiga- 
tion’ it was observed that increasing 
austenitic grain size and decreasing 
pearlite spacing may result in a sub- 
stantial reduction in the notch tough- 
ness of plain carbon eutectoid steels. 
Subsequent results reported by Rine- 
bolt? did not agree with these findings. 
Additional investigation’ confirmed the 
original findings with the added obser- 
vation that commercial steels are highly 
susceptible to spheroidization of pearlite 
during transformation and that a uni- 
formly lamellar pearlite is the exception 
rather than the rule. Spheroidization, 
which favors notch toughness, was more 
prevalent in the fine-grained steel than 
in the coarse-grained steel.? Thus it 
might be better stated that increasing 
fineness of the lamellar pearlite produced 
at the lower subcritical transformation 
temperatures results in a loss of notch 
toughness in plain carbon, eutectoid 
steels. A corrollary investigation’ con- 
ducted at Lehigh University on the 
micro-mechanism of deformation and 
fracture provided added confirmation to 
these findings. 

The results reported here are concerned 
with the more complex hypoeutectoid 
problem. It is quite reasonable to be- 
lieve that the behavior of pearlite might 
be substantially modified by the sur- 
rounding ferrite matrix. Grossman® re- 
ported an improvement in the notch 
toughness of a hypo-eutectoid steel with 
decreasing subcritical transformation 
temperature. The improvement was 
attributed in large part to an increase in 
the fineness of the pearlite. Since no 
attempt was made to separate the con- 
tribution of the attendant decreasing 
ferrite grain size, no evaluation of the 
independent effect of pearlite fineness 
can be made. 

Rinebolt? confirmed the notch tough- 
ness effect reported by Grossman but 
observed that the simultaneous variation 
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Table 1-—-Chemical Analysis of C 1032 
Steel 

C% 0.32 

Mn, % 0.61 

P,% 0.016 

8, % 0.029 

Si, % 0.18 


in the ferrite grain size and pearlite 
spacing precluded conclusions for other 
than the aggregate behavior. Thus 
the specific effect of the individual 
microstructural variables on the notch 
toughness of plain carbon, hypo-eutec- 
toid steels is not known. The follow- 
ing results are intended to provide addi- 
tional insight into this problem. 


Experimental Procedure 

The steel investigated was a fine- 
grained C 1032 steel of chemical analysis 
shown in Table 1. It was obtained as 
7/y-in. square bars. After cutting to 
length, specimens were normalized at 
1650° F prior to final heat treatment 
After heat treatment the specimens were 
machined to final V-notch Charpy or: 
tension test dimensions. 

Three types of heat treatment were 
performed as follows: 

1. Continuous cooling: austenitizing 
at 1600° F followed by direct transfor- 
mation in lead at 1270, 1000, 700° F, or 
oil quenching. 

2. Pot cooling in lead from 1600 to 
1270° F followed by transformation in 
lead at 1270 or 700° F. 

3. Furnace annealing from 1600 or 
2000° F followed by reaustenitizing in 
lead at 1350° F and transformation in 
lead at 1270, 1000 or 700° F. 

Specimens were treated in batches 
of sixteen—14 V-notch Charpy speci- 
mens and 2 tension specimens. After 
testing, two Charpy specimens were 
microscopically examined and quanti- 
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Table 2—Summary of Transition Temperatures and Microstructural Variations 
Heat Series in C 1032 Steel 


Speci 
Heat treatment* 
1600-que neh 1270 
1600-quench L000 
1600quench 700 
1600-oil quench 


1H00-pot coo! 1270 

1600-pot cool to 1270-quens h 7OO 
1600-FC reheat 1350 quench 1270 
1H00-FC-reheat 1350 quench 1000 
1600-FC-reheat 1350 quench 700 
2000-F C reheat | 350 quench 1270 
2000-F C-reheat 1350 quench 700 


Charp 


Figure at right indicates bath temperature a whi 


transformed 


ethod of lineal 


expernmental 


tatively evaluated by 
analysis® employing the 
setup shown in Fig. | 


Experimental Results and 


Discussion 


The results of the experimental work 


are presented in Table 2 


Continuous Cooling Results 


As previously mentioned, an 


iable improvement in notch toughness 
has been reported in hypo-eutectoidl 
steels with increased rates of cooling 
This effect was verified in the continu 
However, the 
conclusion that decreased pearlite spac- 
substantially to thi 


improvement is misleading 


ous cooling experiments 


ing contributes 

Eexamina- 

tion of Fig. 2 demonstrates the marked 

change in microstructure as the cool 

ing rate increases Figure 2A rep 

resents a typical equilibrium type micro 


1, 0.65 rpm synchronous motor; 2, gear 
reduction unit; 3, grain counter; 4, totalizing 
timer; 5, proportioning timer; 6, grain counter 


Fig. | 


FEBRUARY 1956 


isothermall 


structure of coarse pearlite surrounded 


by large amounts of pro-eutectoid ferrite 
(Pig. 2B 


produces a substantially 


Transformation at 
not only 
rrite un size and pearlite spac 


ind island siz it also introduces 
preciable areas peartlite 


sentially free pro-eutectoid ferrite 


This massive pearlite extended irregu 
lat into the specimen to depths var 

ing from a few thousandths to a tenth 
Therefore the noteh, lo 


below the 


ol in inch 
ited 0.079 in 
doa highl 


suriace, tray 
inhomogeneous mere 
ture errath impact 
values resulted \ further increase in 
the ceosoling rate produced continuous 
massive pearlite to depths greater than 
the notch root (Fig. 2C 


resulted mt 


Oil quench 
irlite almost 
the center of specimen with almost 
pro-eutectoid f te but with the 


switch 7, start and reverse motor switch; &, 
totalizing timer switch; 9%, proportioning timer 


switch 


Experimental apparatus for quantitative evaluation of microstructures by 
lineal analysis 
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proper, diluting it, in the absence of any 
pro-eutectoid rrite, to the carbon con 
tent of the teel a i whole—0.32% 
Thus four inextricable variables may be 
iffect 


ferrite grain size, pearlite island siz 


operating to notch toughness 
pacing, and the amount of pro 
d ferrite, ie., pearlite carbon 
mild be emphasized that the bath 
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ent the true reaction temperature 
Actual 
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Therefore, a second method involving 
furnace annealing and re-austenitizing 
just above the lower critical was used 
This treatment was designed to produce 
complete precipitation of the ferrite 
after annealing. Subsequent austeni- 
tizing at the lower critical was to be 
limited to the pearlite areas, which aus- 
tenite could then be transformed by ap- 
propriate subcritical treatment to pearl- 
ites of varying spacing without changing 
the ferrite. A re-austenitizing tempera- 
ture of 1350° F, 20° F above the lower 
critical, was necessary to insure complete 
solution of the pearlite 


Pot Cooling Results 

The microstructures resulting from 
the lead pot cooling are shown in Fig. 3 
Although some variation in the pro- 
eutectoid ferrite occurred, the results 
are informative. The finely spaced 
pearlite microstructure (Fig. 3B) ex- 
hibited notch toughness slightly superior 
to the coarsely spaced pearlite (Fig. 3A). 
The 35° F improvement in transition 
temperature is probably not theexclusive 
contribution of the finer pearlite. A 
decrease in the quantity of pro-eutectoid 
ferrite equivalent to a reduction of ap- 
proximately 0.10% in the carbon con- 
tent of the pearlite and a slightly finer 
ferrite grain size also improved the 
noteh toughness of the specimen con- 
taining finely spaced pearlite. It may 
be concluded therefore that the maxi- 
mum improvement in notch toughness 
to be expected from a reduction of pearl- 
ite spacing to be of the order of 35° F. 


Furnace Annealing Results 

Results of the furnace annealing and 
re-austenitizing technique are shown in 
Fig. 4 for the 1600° F annealing treat- 
ment and in Pig. 5 for the 2000° F an- 
nealing treatment. It will be noted 
from Fig. 4 that the improvement in 
notch toughness due to increasing fine- 
ness of the pearlite is only 20° F. The 
resulting microstructures showed satis- 
factory uniformity in the quantity and 
grain size of the pro-eutectoid ferrite as 
well as the size of the pearlite islands 
This observation is confirmed in Fig. 5 
for a substantially coarser ferrite grain 
size. In this instance the improvement 
in notch toughness resulting from a 
marked reduction in the pearlite spac- 
ing is only 15° Ff The loss of notch 
toughness due to austenitizing at 2000° 
IF instead of 1600° F is small in view of 
the coarsened ferrite grain size _pos- 
sible explanation is the reduction in the 
quantity of the pro-eutectoid ferrite 
which in turn reduces the pearlite car- 
bon content of the 1270° F transforma- 
tion to 0.739% and the 700° F transfor- 
mation to 0.65%, from the equilibrium 
value of 0.80°%. Such behavior would 
be consistent with the exceptional notch 
toughness exhibited by the 0.32% C 
pearlite produced by continuously cool- 
ing to 700° FP. 
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(a) Transformed in lead at 1270” F; transition 
temperature, 35° F; pro-eutectoid ferrite, 63%; 
ferrite grain size no., 9.5; pearlite island size 
no., 9.2. 


(c) Transformed in lead at 700° F; transition 
temperature, —70° F, ferrite grain size no., 12. 


(b) Transformed in lead at 1000” F; transition 
temperature, —55° F; pro-eutectoid ferrite, 
0-64%; ferrite grain size no., 11.8. 


(d) Oil quenched; transition temperature, 30° F; 
pro-eutectoid ferrite, 5%; martensite, 19%. 


Fig. 2. Microstructures resulting from continuous cooling into quenching baths at 


indicated temperatures (picral etch, X 500) 


(a) Transformed in lead at 1270° F; transition 
temperature, 95° F; pro-evtectoid ferrite, 61%; 
ferrite grain size 7.6; pearlite island size 
no., 6.7. 


(b) Transformed in lead at 700° F; transition 
temperature, 60° F; pro-eutectoid ferrite, 
56%; ferrite grain size no., 7.9; pearlite 
island size no., 6.1. 


Fig. 3 Microstructures resulting from pot cooling from 1600 to 1270° F followed 
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by indicated transformation (picral etch, X 500) 
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(b) Transformed in lead at 1000” F; 
temperature, 45 F; pro-eutectoid 
63%; ferrite grain size no,, 8.2; Pearlite island 


transition 


(a) Transformed in lead at 1270° F; 
temperature, 60° F; pro-eutectoid ferrite, 60%; 
ferrite grain size no., 8.2; pearlite island size 
no. 8.1. 


transition 
ferrite, 


size no., 8.5 


Fig. 4 Microstructures resulting from furnace annealing from 1600° F followed by austenitizing at 1350 


formation as indicated (picral etch, X 500) 


(a) Transformed in lead at 1270 
temperature, 90° F; pro-eutectoid ferrite, 55%; 


transition (b) Transformed in lead at 700° F; transition 


temperature, 75 F; pro-eutectoid ferrite, 


ferrite grain size no., 6.0; pearlite island size 51%; ferrite grain size no., 6.0; 


no., 4.7. 


peoarlite 
island size no., 5.3 


Fig. 5 Microstructures resulting from furnace annealing from 2000” F followed 
by austenitizing at 1350° F and transformation as indicated (picral etch, x 500) 
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is interesting to note that the 


grain size effect 30° F per grain size 
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Fig. 6 Effect of ferrite grain size on 
transition temperature 
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(c) Transformed in lead at 700° F; transition 
pro-eutectoid ferrite, 60%; 
ferrite grain size no., 8.0; pearlite island size no., 


temperature, 40° F; 
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THE EFFECT OF MICROSTRUCTURE ON 
THE MORPHOLOGY OF FRACTURE—PART II 


Fracture morphology investigation of a 1025 steel that fracture 


is associated with ferrite grain boundaries and the pearlite-ferrite 


interfaces which are subjected to large amounts of plastic deformation 


BY J. C. DANKO AND R. D. STOUT 


Introduction 


The effect ol microstructure on the 


notch toughness of steel has been clearl 


demonstrated by many investigators 


Hollomon, et al,' for example, have 


shown the variation in impact properties 


of tempered martensite, tempered bain 
ite and tempered pearlite of the same 
hardness level. An appreciable change 
in transition temperature for a normal 
ized «microstructure and spheroidite 


microstructures produced by quench 
and temper treatments and spheroidi 
zation of pearlite was reported by Rine 
bolt.2- Grossmann’ has shown that 
small amounts of ferrite in the prior 
austenitic grain boundaries of hardened 
steels have a very significant effect on the 
The effect ot pearlite 


spacing on the transition temperature 


notch toughness 


of a plain carbon eutectoid steel was in 
vestigated by Rinebolt,4 and Gross and 
Stout . tinebolt re ported a decrease 
in transition temperature with decreas 
ing interlamellar spacing whereas the 
data of Gross and Stout revealed the 
Although the investi 
gations cited provided quantitative data 


opposite trend 


on the effect of structure on notch tough 
ness, little or no emphasis was placed on 
the aspects of fracture morphology, 1.e 
the effect of microstructure on the ini 
tiation and propagation of fracture 

A few investigations on the fracture 
characteristics of impact specimens have 
been reported sgruckner’ has in 
vestigated the microme: haniam of frac 
ture of low-carbon steels and ingot iron 
in the tension impact test The results 
of the investigation provided a wealth of 
data on the initiation of fracture as re 
lated to the microstructure 

4 similar metallographic investiga 
tion of fracture in impact specimens of a 


J. C. Danko Instructor and R. D. Stout m Pro 
fessor of Metallurgy at Lehigh University, Bethle 
hem, Pa 
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structural steel w is conducted by Baey- 
ertz el al” However the 


Bruckner and Baeyertz 


fracture 
studies by 
et al., were confined to ingot tron and 
low-carbon steels in which limited 
ariety of microstructures was attained 
Therefore, an investigation was under 
taken to determine the fracture mor 
phology of various microstructures in 
ingot iron and carbon steels of several 
arbon content Simultaneous studies" 
on the effect of microstructure on notch 
toughness are being made in this labora 
tor The ultimate objective is to « 

tablish, if possible 
microstructure to notch 


1 parameter relating 
toughness 
The effect of pearlitic structures on the 
notch toughne ind fracture morphol 
ogy'' has already been reported This in 
estigation was made on a microstruc 
ture of ferrite and pearlite in a plain 
carbon steel of approximately 0.25% 


carbon 


Experimental Procedure 

The material selected for this investi 
gation Was plain ¢ irbon steel of 0.255 
carbon. The chemical analysis of the 
teel is reported in Table 1. The steel 
vas silicon killed Specimen blanks 


» x x 56 in. were cut trom a ein 


Table | 


( OF 


Chemical Analysis of Steel 


a 
Mn, % 0.66 
PY 0 020 
Ss, 0 O22 
F 019 
rolled plate Since coarse-grained 
microstructure facilitates micrography 
fractographi« observations the 
specimen blanks were austenitized at 


2400° F (1316° ¢ 
te produce peariite of imtermediate 
spacing [xothermal transformation 
studies at 1300° 704° revenled 
that in the coarse-grained structure the 


and furnace cooled 
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Fig. | Microstructure of furnace- 
cooled 1025 steel. (Picral-nital etch; 
X 100, reduced by 50% upon re- 
production) 


pearlite rapidl pheroidized. Thus, 


furnace cooling was employed to pro- 
duce 
resultant structure had a grain size of 
approxinatel ASTM No. 3 
resentative area of the heat-treated steel 
is shown in Pig. | 

Subsized Charpy V-notch bars with 
i breadth of 0.197 in. and 0.394 in, height 
were machined from the heat-treated 


laminated microstructure The 


peciamen blank The notch was cut 
perpendicular to the longitudinal diree 
tion of rolling The subsized bare were 
tested in a dard impact testing ma 


chum In addition repeated blow ex 
periment were made in an impact 
tester of | and 16 ft-lb capacit After 


the transition temperature curve Was 


obtained prepolished and etched 
(Charpy bars were tested above, within 
ind below the transition temperature 
inge. Prepolished and etched bars 


vere used to detect the presence of micro- 
Crack and to observe the mode of de- 
formation After the detailed 


sel itions were ompleted on the frac- 


surlace 


tured prepolished and etched sections, 


the were nickel plated and mounted 
in bakelite Further metallographic ob 
“ervation vere then made of arena 
below the surface. The proportion of 


fracture through the ferrite and through 


\ 

| 

| 


> 


Energy Absorbed - Ft. Lb. 


+80 
| 
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Crystalline Fracture — Percent 


50 
Testing 
Fig. 2 
notch specimens 


the pearlite for the specimens tested 
above, in and below the transition tem 
perature range was determined by trac- 
ing the fractured edge on a piece of 
onion skin paper and marking the areas 
of pearlite and ferrite. A map recorder 
was used to determine the total fracture 
length and the amount of fracture that 


Fig. 3 Surface of prepolished and 
etched Charpy bar tested at — 100 
F. (Picral-nital etch; X 100, reduced 
by 50% upon reproduction) 


Fig. 4 Microcrack in the interior of the 
specimen tested at — 100° F. (Picral- 
nital etch; X 1000, reduced by 50% 
upon reproduction) 
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100 150 


Temp. — deg. F 
impact properties of 1025 steel for subsized (0.197 breadth) Charpy V- 


passed through the pearlite. Duplicate 
measurements were made at different 
levels Lelow the fractured surface 
Supplementary information on the 
deformation of the pearlite-ferrite aggre- 
gate was obtained by slow bend test at 
low temperatures on unnotched Charpy 
bars. The strain hardening of the pearl- 


Ni 


Fig. 5 Microcrack in interior of the 
specimen tested at — 100° F. (Picral- 
nital etch; X 1000, reduced by 50% 
upon reproduction) 


f 
4 
Fig. 6 Microcracks and mechanical 
twins in specimen tested at — 100° F. 
(Picral-nital etch; X 1000, reduced 
by 50% upon reproduction) 
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ite and ferrite was measured by micro- 
hardness tests in individual areas of the 
pearlite and ferrite of specimens strained 
t various amounts in compression. 
This technique was also used to study 
the strain hardening of a 100°, pearlite 
of a eutectoid steel possessing pearlite 
comparable in spacing to that of the 
1025 steel 
Results and Discussion 

The transition temperature curve for 
the coarse-grained ferrite-pearlite aggre- 
gate is shown in Fig. 2. Metallographic 
observations made on the prepolished 
and etched Charpy bar tested below the 
100° F) re- 
vealed cleavage behavior of the ferrite 
and pearlite. In many areas of the 
cleaved ferrite grains, mechanical twins 


transition temperature ( 


were observed to lie parallel to the cleay 
age plane on the surface and a ty pical 
area is illustrated in Fig. 3. The obser- 
vations of the mechanical twin-cleavage 
relationship do not necessarily imply 
that cleavage occurs along the twin 
plane (112), rather than the cleavage 
plane (100) in ferrite since the me- 
chanical twin may intersect the cleavage 
Other surface 
observations revealed that the primary 
and secondary fracture path was often 
interrupted by the 
Similar results were 
Baevertz, et al.,’ in their investigation 
on a structural steel (0.17% C) 

After nickel plating the 100° F 
specimen, further metallographic obser- 


plane below the surface 


pearlite areas 


reported — by 


vations were made in the interior, at 
several different depths below the sur- 
face. Secondary cracks were found at 
the ferrite grain boundaries in many 
different areas that were adjacent to the 
primary fracture. A grain boundary 
crack is illustrated in Fig. 4. If it is 
assumed that the advancing fracture 
front represents the narrowest part of 
the crack, then the secondary crack 
shown in Fig. 4 was probably initiated 
at the grain boundary. The crack is 
arrested by the pearlite area which 
showed no evidence of microcracking 
That the ferrite grain boundaries act as 
sites for the initiation of cleavage cracks 
is not surprising, for Petch'? has shown 


Fig. 7 Microcrack initiating in grain 
boundary in the specimen tested at 
—10° F. (Picral-nital etch; X 500, 
reduced by 50% upon reproduction) 
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b) 


Fig. 8 (a) Twins parallel to cleavage. (b) same area as (a) at 0.0005 in. in depth; (c) same area as (a) but at 0.001 in. in 
depth. (Picral-nital etch; X 500, reduced by 50% upon reproduction) 


that the strength of poly- 
crystais is governed by the cleavage 
strength in the 


boundaries 


cleavage 


vicinity of the gram 
Failure at the ferrite grain 
boundaries results from the action of the 
the disloca 


when it 


tensile stresses created by 
tion array on a glide plane 


strikes an obstacle such as a grain 


boundar This explanation may be 
extended to account for the man 
cracks that initiated at the 


ferrite interlaces 


pearlite 
The microcrack illus 
trated in Fig. 5 
ite-ferrite interface, and the crack did 
not extend into the pearlite aren A| 


originate 


at the pear 


though microcracks were observed in 
some of the pearlite ireas, in general 
these 


ferrite 


cracks seldom extended into the 


Initiation of micro-cracks may not be 


entirely confined to the ferrite graim 


boundaries and the ferrite-pearlite inter 
faces, for many microcracks were inti 


associated with the mechanical 


Many of the 
tenden y to follow the 


mately 
twins microcracks ob 
served had a 
mechanical twin-matrix interface for 
appreciable lengths of the twins. The 
tendency for some microcracks to fol 
illustrated in 
Fig. 6, for the pen tested at 

100° | On the basis of the extensive 


metallographi observation made on the 


low the mechanical twins is 


men 


Charpy bars tested within ind below 


the transition range, microcracks, in 


genera! had their origin either at the 


ferrite boundanes and/or the 


yrain 


pearlite interfaces Therefore, some of 


. 


Ni im crock 


Fig. 9 Microcrack in interior of speci- 
men tested at 72° F.  (Picral-nital 
etch; X 1000, reduced by 50% upon 
reproduction) 
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the microcrack shown in big 6 ma 
po iblvy be related to the presence of the 
most of the 


sociated with either 


mechanical twin mee 
cracks were not a 
the ferrite 


grain boundaries or pearlite 


ferrite intertace The resuits of the 
investigation onducted by Low and 
Feustel Tipper and Sullivan'* and 


Geil and Corwil that me 


not responsible for 


indicate 
chanical twin ire 
Therefore 
further studies are being made to deter 


initiating clea re failure 


mine if the mechanical twins are related 
to the formation of microcracks 

From observations on the surface of a 
Charpy bar tested at —10° F, below the 
behavior of 


ind pearlite areas wa 


transition range, cleavage 
both the ferrite 


evident. The pearlite-ferrite interface 
ind the ferrite grain boundaries ap 
peared to initiate microcracks A large 
microcrack that mitiated at a ferrite 


ind caused cleavage of 
the ferrite is shov 


micrograph taken in the interior of the 


yrauin boundat 
Vn in hig 7, a photo 
specimen The pearlite area prevented 
further propagation of the microcrack 
Metallographie ol 


face and in the interior of the specimen 


mervations on the sur 


revealed that cleavage in the ferrite was 
parallel to mechanical twins in many ol 
the ferrite grain Kliet ha 
that clea 


plane the (112 plane 


shown 
occu} along the twin 
Therefore 


ittempt to determine i 


age 
ani 
some of the 
ienvage vere 


plane parallel to the 


mechanical twin in area in which the 


parallel relationship was evident on the 


Fig. 10 Microcrack at ferrite 
boundaries in interior of specimen 
tested at 72° F. (Picral-nital etch; 
X 1000, reduced by 50% upon re- 
production) 


grain 
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surface Was photographed at several 
different ieve 


ing Approximats 
ed by each repolishing and etching 


repolishing and eteh 
0.0005 in. were re- 


Che oriinal area is shown 


procedure 
n Fig. & (a), Fig. 8 (6) illustrates the 
ime area at a depth of approximately 


0.0005 in. and Fig. S (¢) approxi 


mately O.0OL of an inch below” the 

ginal ares This sequence of photo- 
nicrographs illustrates that the me- 
hanical twins are slightly inclined to the 
leavage plane Although this evidence 


is not conclusive, it does suggest that 
the mechanical twins may intersect the 
cleavage plane at some higher o1 lowet 
regions in which the 
were observed to be 
parallel to the cleavage plane on the 


vations could not 


pec nen tested at 


Direct surface obser 
be mimde on the 
I, in the transition range, since appreci- 


ilple plasti delormation resulted 


ervations in the interior of the specimen 
revealed that the ferrite grain bound 
ini und the pearlite-ferrite interfaces 


ere the sites of the initiation of muecro 
\ microcrack 
nitiated at the pearlite-ferrite interlace 
10 illustrates 


locus of 


that apparently 
hown ind w. Vand | ig 
i fermnte grain boundary 
tion The grain boundary is actually 
of the microcrack 
10 The 


ented further extension 


heared at botl end 
hown in Fig 


ipparently pre 


large inclusion 


f the microerach Ihe areas of pearlite 
had a tendency to arrest both primary 


Fig. 11 Slow-bend specimen tested at 
100° F.  (Picral-nital etch; X 500, 
reduced by 50% upon reproduction) 
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= 


Fig. 12 Fracture of nonmetallic in- 
clusion on surface of slow-bend speci- 
men tested at — 100° F. (Picral-nital 
etch; X 500, reduced by 50% upon 
reproduction) 
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° 
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% Strain Compression 
Fig. 13 Strain hardening of ferrite 
and pearlite in 1025 steel and pearlite 
in evtectoid steel that is comparable to 
pearlite in 1025 steel 


fracture and secondary cracks (micro 
cracks), Near the fractured edge of the 
specimen the pearlite, in general, ex- 
hibited ductile type behavior 

pronounced deformation oc- 
curred in the specimen tested at 160° F, 
above the transition metallo- 
graphic observations were confined to 
the interior of the Non- 
metalle inclusions were observed to be 


Since 
range, 
specimen 


the source of many secondary cracks 
These cracks apparently originated at 
the inclusion-ferrite interface when the 
cohesive strength of the interface was 
exceeded, Likewise, secondary cracks 
occurred when the cohesive strength of 
the peurlite-ferrite interface was ex- 
ceeded. The behavior of the pearlite- 
ferrite interface and also a ferrite grain 
boundary is illustrated in Fig. 11 ob- 
tuined from the surface of a prepolished 
and etched bar that was subjected to a 
100° F. This 


slow bend test at 


specimen also provided evidence that 
slip lines can fracture brittle constitu- 
ents such as the nonmetallic inclusion 


shown in Pig. 12. This behavior sup- 


ports the micromechanism theory of 


fracture proposed by Zener," 

Further metallographic studies made 
at the fractured edge of the specimen 
tested at 160° F showed that the frac- 
ture in general avoided the pearlite 


patches. Therefore, fracture length 
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Fig. 14 
notch specimens 


measurements were made to determine 
what percentage of the fracture length 
passed through the pearlite and ferrite 
The results are tabulated in Table 2 
Above the transition range, the frac- 
ture path was predominantly ferritic 
The amount of fracture that 
through the pearlite in specimens tested 
within, and below the transition region 
is fairly constant but 
double that for the specimen 
above the transition 
proximately 100% less than the amount 
of pearlite measured on 4 straight line 
through the microstructure. This be- 
havior would indicate that even at low 
temperatures there is some tendency 
for the fracture path to avoid the pearl- 
ite. This tendency may be explained 
on the basis of the effect of the orienta- 
tion of the pearlite to cleavage type be- 
havior. Studies on eutectoid pearlite 
disclosed that cleavage appears to be 
limited to directions intersect 
the lamellae at fairly high angles 
behavior of the 


passed 


approximately 
tested 


region and ap- 


which 
C'on- 
sequently, cleavage 
pearlite appears highly 
orientation and the energy requirements 
for fracture to proceed along planes that 
do not exhibit cleavage behavior may 
he greater than the energy necessary to 
divert the brittle fracture to the adjoin- 
ing ferrite. In addition, the orienta- 
tion effeet of pearlite on the cleavage 
behavior could account for the tendency 
of pearlite to arrest fracture 
nificant increase in the proportion of 
fracture through the ferrite above the 


dependent on 


The sig- 


transition region may be explained by 
the low strength of the ferrite compared 
to the pearlite 

The metallographic observations on 
the various specimens revealed that the 
pearlite provided very little contribu- 
tion to the over-all deformation of the 
This 


microhardness measure- 


muecrostructure viewpoint was 
confirmed by 


ments made in the pearlite and ferrite 
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Impact properties of pearlite for subsized (0.197 breadth) Charpy 


Table 2—Fracture Measurements 


Frae- 
Energy lure 
pearl- 


Testing 
lem pera- ab- 
sorbed, ile, Through 


ferrite 


Proportion of pearlite and ferrite meas- 
ured in the microstructure along straight 
lines that were selected at random: pear! 
ite, 33.5%; ferrite, 66.5%. 


regions in specimens of 0.2597) carbon 
steel that were strained to various per- 
centages in compression. The ferrite 
strain-hardened very rapidly as shown 
by the sharp rise in hardness in Fig. 13 
Pearlite, on the other hand, showed a 
gradual rise in hardness that tended to 
level off. 
hardening shown for a pearlite of eutec- 
toid steel that had approximately the 
same pearlite spacing as that in the 1025 
steel, the pearlite in the 1025 steel was 
evidently subjected to small amounts 
of deformation relative to the total 
strain imposed upon the specimen. For 
example, at 25° 
pearlite of the 1025 steel was actually 
strained to approximately 5°), accord 
ing to the strain hardening curve for the 


In comparison to the strain 


over-all strain, the 


pearlite of eutectoid steel. Conse 
quently, the ferrite provided the major 
ity of the deformation in the 1025 steel! 
Petch"™ has pointed out that the pres 
ence of pearlite increases the strain 
hardening rate of ferrite and thereby 
reduces the amount of plastic strain re- 
quired to raise the stress from the yield 
point to the cleavage strength. 

Since the ferrite retards the strain 
hardening of the pearlite as shown in 
Fig. 13, the fracture behavior of the 
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pearlite may also be altered by the pres- possil \ mechanical twins ‘ Me pe 

ence of the ferrite For subsized m Iso ivage failure. Shear 
specimens of pearlite of a eutectoid I apparentl wourred at the fer ola,’ 
steel that had similar pearlite spacing as ! and the ferrite ~ 
that of the 1025 steel, the transition to pear interfaces and the ferrite-inclu : Lew 1 are ech, Pul 
she failure required high tem on interlace When the cohe ve snd Frac 

peratures The Charpy transition strength is exceeded at the various inter 
curve is illustrated in Fi 14 In the ices shear fail ecurs In the region Rinel 1A te et of ye gee 
1025 steel, the pearlite exhibited shear of 100°, shear | or, the shear patl 

behavior at 160° F, above the transition was predominantly ferriti i.e., the 

range for that steel whereas the 100°; racture had a tendeney to avoid the 


pearlite pecimen revealed a 100% pearlite area In and below the transi 
cleavage t pe beh: vior at the same tem tion temperature range there was still ' 
‘ f ! ‘ ' ‘ oughne 
perature For the of i tendency for fracture to avoid the , ippl.. 
but to a le sser extent Micro-Mechani 
F, most of the pearlite showed a areas of pearlite had a tenden to Impact Text 
to 477 1050 


steel tested in the transition region 


type Tracture while for the 100°; pearl fracture ince the cleavage be 


ite 72° | corresponded to the lower end havior of pearlite appears highly «de : ‘ ot Dent Suppl 
of the transition range. The pearlite pendent on orientation. Pearlite ap 
of the 1025 steel showed cleavage be parently undergoes only small amounts eription 
em of a Btruectura 

havior throughout the fractured surface of deformation compared to that of the ; ; ‘ j : 100 (1049 
hk. The hf 

i Notch Toughness 

loo | In view of these observa tures With prior knowledge of the | j , exoented at the National 
Amenican 


in the specimens tested at 10 and ferrite in the pearlite-ferrite microstruc 


tions, it becomes apparent that prior fracture behavior of 100% pearlite 

knowledge of the fracture character microstructure the behavior of the ko, J , tout, R. D., *The Ef 

ert mee re n the Morphology of 

istics of microstructures consisting of peariite in the presence of the massive ‘ . » Wecorsa Jouwnan, 34 
100°) pearlite cannot be used to predict ferrite of the 1025 steel could not be pre 1 iGow (1905 

‘ N Cleavage Strength of 

fully the fracture behavior of pearlite dicted since the behavior of the pearlite stal & Steel Inet, 174, 25-28 

in the presence of massive ferrite vas appre iably altered by the presence Peustel. R. G.. “Inter 

of the ferrite ( alline « and Twinning of Iron at 

Summary Low Temperat ia Metallurgien, 1 (2) 
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The Welding Research Council has just issued Bulletin No, 2 
covering characteristics of nickel and high-nickel alloys for 
pressure vessel use. The report discusses in detail the analy- 
sis, physical and mechanical properties, method of determining 
ASME code design stresses, embrittlement by sulphur and 
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Temperature dependence found to be different for plain 


DEPENDENCE OF STEEL WELD PROPERTIES 
ON LATTICE STRUCTURE 


low-carbon and austenitic Cr-Ni steel weld metals. 


being primarily influenced by the inherent latlice structure 


BY HEUSCHKEL 


J. 


ABSTRACT Unnotched tensile  speci- 
men data for plain low-carbon and austen- 
itic Cr-Ni steel weld metals, deposited 
with the several arc processes, were ex- 
amined with respect to temperature de- 
pendence. For each steel type the rela- 
tive temperature de Wilts indepen- 
dent of That dependence was 
different for the two steels, being primarily 
influenced by the inherent lattice structure 
Interstitial impurities and gas and slag 
voids alxo influence the physical properties, 
particularly the ductility 

The differences between true fracture 
stress ond yield stress from the tensile 
tests and the energy absorbed in the im 
pact testa were simultaneously related to 
test temperature to show that the low 
transition 


temperature ductile-to-brittle 
temperature exists with either type of test 
The transition with the tensile test is 
suppressed 350° KF below that for the 
Charpy V-noteh impact test for sound 
welds of low nitrogen content, probably 
reflecting differences in strain rate. In 
creased nitrogen contents raise the transi 
thon temperature for both test methods 
and decrease the differential between the 
two For the C'r-Ni steel welds the low 
temperature true fracture and yietd 
stresses are divergent and for such metals 
the transition temperature is below that 
ustially explored 


Introduction 

The fact that the tensile strengths and 
ductilities of commercially pure metals 
are temperature dependent has been 
known for many years.' More recently 
it has been observed that one of the out- 
standing tensile characteristics of body- 
centered-cubic structure metals, such as 
iron, molybdenum and tungsten, is that 
the yield stress increases more rapidly 
than either the nominal ultimate or the 
fracture stresses when the temperature 
Brittle 
fracture occurs for these metals in the 
unnotched tensile test at low tempera- 
tures when the vield stress becomes 


decreases below the ambient.? 


J. Heuschkel in Manager of Metals Joining Sex 
tion, Westinghouse Research Laboratories, Pitts 
burgh, Pa 
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equal to the true fracture stress.? On 
the other hand, the tensile yield stress 
of face-centered-cubic metals, such as 
aluminum, copper and nickel, increases 
less rapidly at the low 
than either the nominal ultimate or the 
true fracture stresses and brittle low- 


temperatures 


temperature fractures in simple tension 
do not ordinarily occur. 

As temperatures are increased above 
ambient, the nominal ultimate strength 
of commercially pure iron first increases 
and then decreases as the combined 
result of strain and precipitation hard- 
ening, the strain-aging phenomena,‘ 
while the yield and true fracture stresses 
continuously decrease. For such metals 
as aluminum, copper and nickel, under 
similar conditions all three stresses tend 
to continuously decrease, at rates which 
are dependent upon the amount of prior 
cold work.® 

Two previous papers described the 
temperature dependence of the tensile 
properties for metal-are deposited un- 
alloyed low-carbon and austenitic chro 
mium-nickel steel welds.’ The present 
paper correlates the temperature de- 
pendence of those and other welds with 
At low 


temperatures variations are caused by 


normal lattice structure effects 


the presence of interstitial impurities, 
such as nitrogen, oxygen and carbon 
At high temperatures nonconformance 
to the normal pattern of the initial 
structure may occur as the result of 
local component phase changes or grain 
boundary weaknesses 

The tensile properties of sound un- 
alloyed low-carbon steel weld metals 
are also influenced by other components 
of their composition and by initial cool- 
ing rate, both of which are influenced 
by detailed process techniques. How- 
ever, the relative effect of temperature 
on the tensile properties, for all three 
commercially available shielded-are proc- 
eases (argon, flux and covered wire 
shieldings), is determined by the fact 
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that the metal is inherently of a body- 
centered-cubic structure at and below 
1400° F* At and above 1600° F the 
low-carbon steels are 
cubic,* and at that temperature range 
lower weld metal ductilities are found 

The temperature dependence of the 
chromium-nickel steel weld metals at 
subambient temperatures is determined 
by the predominant existence of the 
structure of the 


face-centered 


face-centered-cubic 
matrix.’ At high 
occurrence of different 
phases sometimes completely disrupts 
the inherent plastic flow capacity pat 
tern, although all the applicable stress 
temperature relations of face-centered 


temperatures the 
metallurgical 


cubie metals continue to prevail. The 
phase changes which occur in the 
chromium-nickel steel weld metals are 
not readily deseribed and are the sub 
ject of continuing research. The prob 
lem of securing high ductilities at high 
temperatures, and therefore crack free 
welds under rigidly restrained condi 
tions, reduces to that of control of com 
position and thermal conditions so that 
undesirable alloy concentrations and 
phase changes cannot occur at those 
temperatures on either a short or a long 
time basis 

For all welds studied deposit sound 
ness is a major consideration in securing 
high true-fracture-stress to vield-stres- 
ratios or high impact values. The 
problem of securing sound welds is 
therefore as important as securing low 
nitrogen and oxygen contents, althoug! 
there are some recognized interrelations 
between the two problems.® * 
Procedure 

All tensile data involved were secured 
from 0.357-in. diam specimens as previ 
ously described.* 7 Comparisons were 
made by using, in turn, the several ind: 
vidual weld tensile properties of interest 
for all temperatures studied, —300 to 


+ 2200° F, and expressing that property 
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as a ratio of the corresponding room 
temperature value as unity. The aver- Table 1—Compositions of Carbon-Steel Weld Metals 
age and the maximum and minimum é 
limits being shown for six low-carbon ) 

steel welds include those made with the ‘overed 0 065 } 0 09 0 O10 ORT 
argon shielded, flux shielded and covered red 0 050 7 0 15 0 043 0.069 
electrode shielded processes For some 0 053 { 0 21 0 003 0.12 
of the low-carbon steel weld comparisons rg 0 O84 0 21 0 012 0 005 
0 0 240 0 O12 


the relative values calculated from pre 
0 03 0 14 0.15 


viously published data for iron wer 


superimposed on the same graphs.’ 
The same procedure was followed for 
Cr-Ni steel welds made with the argon 
shielded and the covered electrode 


shielded processes. Here appropriate Table 2—Compositions of Cr-Ni Steel Weld Metals 
comparisons can be made from data for 
nickel,'? 

For the low-carbon steel welds the Shielding comp 
ratio of the true fracture stress to the process ype / . . \ 0 Other 
0.2% yield stress was related to test overed 307 O 0 028 0 95 Mo 
temperature to show that this offered vovered 0 O48 0.05 
overed 0010 0.028 
overed wit 847 0046 005 OBL Nb 


Argon 0018 O34 Ti 
to a value of unity the estimated tem- Aven , ’ 0.061 0.011 


an excellent means for grading weld 
quality By projecting the low tem 
perature portions of such curves down 


perature of fully brittle fracture in the 


unnotched tensile test was readily se 
cured. This extrapolated fully brittle 
temperature determination for the un 


notched tensile test was then used as an 
anchor point in drawing comparative Table 3—Reference C-Fe Steel Weld Tensile Properties (+-80° F) 
transition temperature curves for the 
unnotched tensile and the Charpy \ 
notch impact tests. These were mace 


Vi nal 
atal trea 
Shielding Vetal re longation, reduction, 


by simultaneously relating both the 


‘ 


proce condition 


arithmeucal difference between the 


 OLON deposited 200 
0.2% yield stresses and the Charpy \ 900° F ann 2 8M) 


unnotched tensile test true fracture and 


notch impact values to test temperature 0 O43 N deposited 67,000 
for each weld to show that, by this 200° F ann 61,000 
means, a distinct ductile-to-brittle tran lux, 0.003 N deposited 18, 500 

deposited 65,700 
deposited 72,000 
leposited 


sition temperature exists for both test 
methods and that a definite relation 
exists between the two evaluation 


techniques 

The chemical composition of the 
welds used for this study are shown in 
Tables | ind 


Ferritic Low-Carbon Steel Welds 050 


The room temperature values for | 
tensile properties, which were used as O4 
basic unite of comparison, are isted in ( 005 
Table 3 For anv one property rela 003 
tively minor variations exist, at room 
temperature, between the several se 
lected test welds made with the thre 
processes At room temperature these 
properties iav be changed at will b 
alterations in electrode, flux and base 
metal compositions The strength-duc 
tility values resulting from such varia Mox 
tions are inversely related > © A Avg (6) Welds 

The relative temperature dependence Min | 
of the yield strength values, Fig. | 


shows the striking similarity of per 


formance for all the shielded-are low 


carbon steel welds. This relative tem 0 0 12 
perature dependence was found for all Test Ternperature (100 °F ) 


conditions wherein at least 0.2°7 elonga 


tion was secured before fracture. The Fig. 1 1 Relations between temperature and relative magnitudes of yield stress for 


exception was at —300° F for a 0.043% low-carbon steel shielded metal-arc welds (argon, flux and covered wire processes) 
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N content weld which also contained 
gas porosity voids and which failed be- 
fore that amount of deformation was 
achieved in both the as-deposited and 


Wrought ingot Iron 
(Tapsell & Clenshaw) 


| 


the setrese-relief-annealed conditions.” 
Relatively, the yield stress in iron in- 
creases more rapidly per unit of tem 


perature at the low temperatures than 


== 


was found for the weld metals. This 


condition occurs because the stress in- 
crease per degree of temperature is 
about the same and the vield stress of 


Stress (+80 °F = 1.00) 


iron at normal temperatures” is only 
about one-third that of the low-carbon 
steel chill-east weld metal. The ratio 


} 


Relative Values of Nominal Ultimate 


of low temperature to ambient tempera- o 2 
ture values is therefore higher although -S00 -200 0O 200 400 600 800 1000 1200 i400 1600 
the behavior pattern is the same Test Ternperature (°F ) 

The relative temperature dependence 
of the nominal ultimate strength values 
Vig. 2, also shows a close similarity be- 


Fig. 2. Relations between temperature and relative magnitude of nominal ulti- 
mate stress for low-carbon steel shielded metal-arc welds (argon, flux and covered 


tween the several processes and iron wire processes) 


The strain aging hump at +400° F was 
present for all welds tested, as it is for 


Comment ial rolled and annealed iron 
Forall welds tested the plastic load-strain 


curves showed the presence of continu 


1.00) 


ous sharp serrations at 300° F and for 
the early stages of plastic strain at 400° 
hr These are considered to be typical 


of precipitation phenomenon.” The 
fact that the phenomenon was observed 


wit) nitrogen contents as low as 0.00307 
for the argon and for the flux shielded 
are welds places some doubt upon the 
observation that this irregularity is 
caused by nitrides alone, 


Max | 
Avg (6) } Welds 


micrographs do reveal that the presence 
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ot Fracture (+ 80°F 


of cubic-shaped particles are more pro- O | 
nounced in the 0.043 N weld metals -4 -2 Oo 2 4 6 8 10 12 14 
strained to rupture at 300 and 400° F Test Temperature (100 °F ) 

The relative temperature dependence 
of the true fracture stress values, Fig. 3, 
shows the complete absence of the 
abrupt reversals of slope found in the 
ultimate stress curve of Fig. 2 and in 
this sense they are similar to the yield 
stress curve of Fig. |. The reduced 


Fig. 3 Relations between temperature and relative magnitudes of fracture stress 
for low-carbon steel shielded metal-arc welds (argon, flux and covered wire proc- 
esses) 


slope of the fracture-stress vs. tempera- 
ture curve below ambient temperatures 
is the major item of contrast with the O02 % Yield 
average vield stress curve of Fig. | and 
Nominal 


+Common/Point ( 


is Of fundamental significance in the pro- 
duction of brittle fractures 

By superimposing the relative yield, 
ultimate and true fracture stress tem- 
perature dependence curves upon each 
other, Fig. 4, it is clear that at low tem 
peratures the yield stress increases more 
rapidly than either the ultimate or frac- 
ture stresses and that the lowest rate of 


+ f+ t 


| Fracture+— 
(Uncorrected for Reduction || 

temperature of brittle fracture will be 0 Norma! Ambient Temp (+80° F) 
-400 -200 200 400 600 800 1000 1200 1400 
fore fracture are therefore desirable, 
As temperature increases above 800° F Test Temperature ( F) 
the relative decreasing change is about Fig. 4 Relations between temperature and relative magnitudes of strength for 
the same for all stresses. These phe- sound, low-carbon steel shielded metal-arc welds (argon, flux and covered wire 


nomena are, within the limits shown, the processes) 


increase is in the fracture stress curve 
The narrower the initial spread between 
the viell and fracture stress curves at 


Relative Value of Stress 
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sume for all of the shielded-are welding other iny ons have concluded, le properties, (6) the ratio of 
processes Unshielded bare wire welds ") ntered-cubic to face-cen- fractur tress to vield streas, (c) 
were found to fail at and below 110°] red-cub nsformation need not j rithmetical difference between true 
in a brittle manner, i.e., without meas rel no \ s occur at the same ft ul ress and vield stress, (d) the 
urable elongation or reduction in area ! m conditions — for ill gy absorbed to the point of achieve- 
and with low fracture stresses ompositions and structures ment of maximum load, and (e) the 
The two common criteria of tensil $y comparisons of the low temper nerg ymorbed to rupture 
ductility, area reduction and elongation ture duetilit ls it has been con fully brittle rupture oecurs when 
for the shielded-are welds also folloy luded that the sound weld metals mad r racture-stress to vield-stress 
the temperature-dependence pattern of with effect shieldings vhibi d to unity, when the 
iron, Figs. 5 and 6 Soth the high and toughness istics whiel ure differen pproaches gero, these ratios 
the low region humps and dips corre superior to f rolled pearlitic vw unalloyed carbon steel welds made 
spond closely with those found in iron structural ste ind in fact act much rv tl ! hielded and the bare wire 
The reason for the elongation dip at like tempered martensitic structures des esses were caloulated 
1O000-1100° F has not been clear re The detail tensile propert tempera for il nperature iv. 11 The 
vealed. Above 1500° F the ductility ture dependence of the argon and fluy lowest values were secured, at any given 
of iron (wrought or cast) decreases shielded and for the unshielded are nper with welds of the highest 
rapidly'! as the metal structure under welds, which entered in part into the pre litrogen oxygen contents and for 
goes the change from body to face eding comparisons, is shown in Figs \\ containing mechanical or 
centered Shielded are welds also % Vand 10 y ou ‘ven when the oxygen-nitro 
changed ductility at that temperature Several interesting criteria are avail yen ¢ were low This means 
range, Fig. 7 It is not heved that ible for judging the quality of met ils in hat i f marin of safety trom 
the 1800° F dip is caused wholly by the tension at any one temperature. Among fractur x concerned, the problem of 
fact that welds are “cast metal is | pecific values of se \ 1 soundness bee a8 or more im 
ortant than that of are shielding effi 
certain instances 
ue interrelated, 
based upon useful 


i to maximum load or 
ald 
mclusion that the best 


rating range for low-carbon steel 


under short-time low strain rate 
loading i between +600 and 


@ 


rand lower values of nitrogen 


nm 


gen occur together in are welds, 
Charpy V-notch impact data 
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Fig. 5 Relations between temperature and relative magnitudes of reduction in 
area for low-carbon steel shielded metal-arc welds (argon, flux and covered wire 
processes) 
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Test Temperature (100 °F ) Fig. 7 Temperature-elongation rela- 
Fig. 6 Relations between temperature and relative magnitude of total elonga- tions for low-carbon steel weld metals 
tion for low-carbon steel shielded metal-arc welds (argon, flux and covered wire and ingot iron (extended detail of 


processes) portion of Fig. 6) 


Feprvary 1956 Heuschel —Steel Weld Prope rliea 


| 
+80 °F 14 | 
7 | | 
3.0 ¥] 
/ 
u %'8 | | 
+ 80°F / / | 
| 


T 
Note All fractures free of wsible defects 


Note All Fractures 
Free of Visible Defects 


Composition 


Comp (%) 
N 


0 


Frocture 


O2% Yield 


ning 
Jitimate 
Strength 


Jagged 
Nominal Stress - 
Ultimate 


Strain 
Relations 
n Plastic Flo 


tress Volues 


> 


Stress Volues 


c 
sharp Yield Strengths 
Range No Shor 2% Set | 
Commercial Yield Ponts 
Wires 


Adsolute Zero --4 


No Sharp 
Yield Powt 
Serrations in Flow Curve 3 
200 400 600 800 1000 [200 1600 '800 2000 
Test Ternperature (°F ) 


+ 200 +400 +600 +800 +/000 


0 
-400-200 O 


Nominal 
Ambient 


Reduction 


40 t longations 


Total - 


Ductility Volues (% ) 


600 -400-200 0 200 400 600 800 1000 1200 1400 1800 2000 


Test Ternperature (°F ) °F) 


Terr perature 
Fig. 9 Relations between tensile properties and tempera- 
ture for as-deposited granulated flux shielded metal-arc 
weld metal in low-carbon steel 


Fig. 8 Relations between tensile properties and tempera- 
ture for as-deposited argon shielded low-carbon steel 
metal-arc weld metals 


showing the relation of impact values to 
weld metal nitrogen contents are pre- 
sented in Figs. 13 and 14. In the flux- 
shielded process impact values are fur 
ther influenced by weld silicon and 
manganese contents. More than 15 
ft-lb of energy can be absorbed down to 

trode and argon shielded processes, pro- 
vided in both eases that the welds are 
Both the and 
values of low-carbon steel shielded-arc 


with both the covered elec- 


sound tensile impact 
weld metals are therefore equal to or 
superior to those of structural and low 
carbon pearlitic steels and 
The relative merit of using the tensile 
and the impact types of test specimen 
for the evaluation of weld 
been a subject of controversy for many 


metals has 


Actually, the same conclusions 
both 
specimens provided proper interpreta 
tions are made. The unalloyed low- 
carbon steel welds of Tables | and 3% 


years 
ean be reached from the use of 


were used in the cross-evaluations shown 
in Figs. 15 to 19, inclusive. Overall the 
test provides more revealing 
data.” The impact test is simpler 
and cheaper. The 
ment for the avoidance of low energy 
absorption brittle fractures in the im- 
pact test at low temperatures is that a 
high differential be maintained between 
true fracture stress and yield stress in 


tensile 


essential require- 


the tensile test down to a temperature 
as much as 350° F below the level for 
which the high impact values are re- 
quired, A superior method of securing 
high impact energy absorption is to pro- 
vide differentials between 
fracture stress and yield stress. It will 
be shown that this is the mode followed 
in austenitic matrix weld metals 

The preceding data also provided the 


increasing 


basis for showing the relation between 
ductile-to-brittle transition temperature 
and weld metal nitrogen contents, for 
the oxygen, manganese and 
silicon content Table | 
While the weld oxygen 
contents are somewhat related, Fig. 12, 
the flux shielded welds, Fig. 9, contained 
low amounts of nitrogen (0.003°7)) and 


earbon, 
levels used, 


nitrogen and 


high amounts of oxygen (0.120,) and 
had about the same low-temperature 
tensile characteristics the 
shielded welds (0.003% N, 0.00597), O), 
Fig. 8. 
while higher nitrogen contents are more 


argon 
This tends to demonstrate that 


critical than contents in steel 


welds at low temperatures both inter- 


oxygen 


stitial elements exert a detrimental in- 
fluence. The obsolete type bare wire 


unshielded arc welds, Fig. 10, were un 


satisfactory not only because of 


thei 


high nitrogen and oxygen contents but 


also because of their high void and in- 


clusion contents 
metal 
oxygen 


nitrogen 


conter 


The 
conter 
its, 


upo 


influence of weld 
it, with variable 


n the transition 


temperatures is summarized in Fig. 20 


Table 4—Reference Cr-Ni Steel Weld Tensile Properties (+ 80° F) 
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Shielding process type 
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Fig. 10 Relations between tensile properties and temperature for 


unshielded bare wire low-carbon steel metal-arc weld metals 
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Steel Weld Prope rlies 


istic for high levels 
weld metal appears 


to be that it ist have the potential 
train hardening For all welds 


tested high energ ibsorption was not 
obtained unk weompanied by an in- 
crease in hardness. Illustrative data 


ire shown in Figs. 21 to 23, inclusive 
Whenever the strain involved to reach 
maximum load was low, the increase in 
hardness was low, and the total energy 
ibsorbed up to that amount of deforma- 
tion Was also low 
Austenitic Matrix Chromium-Nickel 
Steel Welds 

Che room temperature tensile proper- 
ties for seven ALSI 300 series chromium- 
nickel steel welds of Tabie 2 are listed 
in Table 4 The tensile properties of 
were discussed in 


Differences 


four of these weld 
detail in & previous paper 
between the tensile properties at ambient 
temperature the seven compositions 
of this study are not too striking 


Al] welds of this type at all tempera- 


tures being reported have gradual transai- 
tio im elastic to plastic flow in ten- 

that is, there ire mo sharp vield 
point Phe relative yield 
trength big. 24 how that all welds 


ond to temperature in about the 
e manner Chere is no sharp rise 
! eld strength as temperatures are 


f liquid nitrogen as was 


found in the unalloyed low-carbon steel 
eld hw | At iow temperatures 

the rate of change of yield stress is about 

thr ‘ t r other face-centered 
meta 


nal tensile strength 
imilar for 


iperature ure 
‘ elds, Fig. 25 Phere were no pre- 
jitation hardening increases at or near 
nd no sharp serration 
regu ti niast flow were ob 
‘ t test temperature on any 

t} ‘ 

true wture stress vs 
temperature 26, are similar 
tr thoas thy eld stresses except that 
th vty ‘ er temperatures is 
teens umentall wgnifieant 
fact Sipe weed, the yield, ulti- 

te and ture stre curves) show 
the ¢ teristics of austenite 

ntere il metal The «i 
yence of thi eld and fracture 
it temperature tovether 

{ thy trom train hardening ca- 

wity of these etals at low tempera- 


ipacities to absorb 
energ it thon temperatures The 
ty to ab hb energy at high tem 
perature auch less. The impact 
haracterist these weld metals 
described.” 
The relative ues of elongation 
llow n pattern with respect 
to temperature, Fig. 27, particularly at 
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Fig. 12 Graphical presentation of arc-shielding effects on carbon steel con- 


sumable electrode welds 


not reflected in the conventional stress 
mensurements, cause these w ide varia- 
tions. The solution to the high tem- 
perature ductility therefore 
lies in the attainment of a more thorough 


problem 
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Fig. 13. Impact transition tempera- 
tures for shielded-arc low-carbon steel 
weld metals 
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Fig. 14 Influence of nitrogen on low- 
carbon steel weld metal impact values 


SS-s 


understanding of the reasons for such 
changes with the metals in question 
Best results were secured with the Type 
307, 4% Mn, 1% Mo grades. The 
relative changes found in reduction in 
area were of the same order as those of 
elongation and are not being shown in 
detail 

An effort was made to relate results 
secured from the tensile and impact 
tests for a representative weld. A plain 
C'r-Ni composition was chosen, Fig. 2s. 
However, for such an austenitic matrix 
C'r-Ni steel weld the difference between 
true fracture stress and yield stress is 
still increasing rapidly at —300° F, the 
lower limit of the present tests.’ Data 
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Fig. 15 Comparisons of impact and 
tensile results for covered electrode 
shielded (0.019 N) arc welds in low- 
carbon steels 
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Fig. 16 Comparisons of impact and 
tensile results for covered electrode 
shielded (0.043 N) arc welds in low- 
carbon steels 
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Fig. 17 Comparisons of impact and 
tensile results for as-deposited flux 
shielded arc welds in low-carbon steel 
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Fig. 18 Comparisons of impact and 
tensile results for argon shielded 
as-deposited arc welds in low-carbon 
steel 
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Fig. 19 Comparisons of impact and tensile results for as 


deposited bare wire unshielded arc welds in low-carbon 


steels 


already available” show that brittle 
fracture in the notched impact test for 
such welds does not occur even down to 

320° | For welds of both lattice 
structure forms, therefore, it is apparent 
that the subambient ductile-to-brittle 
fracture temperature can be depressed 
most readily by increasing the existing 
differential between vield stress and 
true stress at fracture This can now 
be achieved in weld metals to varving 
degrees by using an alloy having an 
austenitic matrix of selected composi 
tion: by using 
structures with a minimum of inter 
stitial impurities, carbon, nitrogen and 
oxygen, and by making welds wholly 
free of voids. High magnitudes of true 
fracture stress are not secured without 
substantial reductions in area at rup 
ture. This criterion, too often ignored 
by the welding industry, becomes an 
item of controlling importance 


Summary 

From the use of unnotched short 
time tensile tests across a wide tempera 
ture range, it has been shown that the 
relative temperature response of low 
carbon steel shielded-metal-are weld 


metals is essentially independent of 
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Fig. 21 Strain-temperature-hardness 
relations for 0.019 N covered elec- 
trode low-carbon steel weld metal 


1956 


Fig. 20 Relations between weld metal nitrogen content and 


transition temperatures for low-carbon steels 


process, provided the deposits ire sound 
ind the nitrogen is not substantialls 
greater than 
wteristi of iron, a body-centered 


The basic char 


cubic metal, are reflected across the 
temperature range more strongly than 
that of characteristics or of 
minor iniations in weld composition 
Unsoundne resulting from gas voids 
lag or other inclusions and from me 
chanical and thermal laps or discon 
tinuities seriously reduce the fracture 
stress and therefore promote brittle 
failure. The detrimental influence of 
such transient variables are not usually 
revealed in the yield and ultimate stress 
alues but they are reflected in the duc 
tility and true fracture stress data 

Low temperature impact character 
istics are governed not only by the 
amounts of nitrogen and oxygen present 
but also by the lattice structure induced 
temperature dependence of the differ 
ence between the true fracture stress 
ind the yield stress in tension Best 
results for low-carbon steel welds were 
whieved from the use of inert gas shield 
ing under conditions which produced 
ound welds, although good values were 
also secured with flux shielded and 


covered electrode shielded weld 
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Fig. 22 Strain-temperature-hardness 
reiations for 0.043 N covered elec- 
trode low-carbon steel weld metal 
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An ¢ cellent vrelation has been 
found to exist between the subambient 
ductile-to-brittle fracture temperature 
1) the unnotched tensile test and the 
V-notched © uy test For sound 
ielded-are elds the transition tem 
peratures are displaced 350° F upward 


in the impact test as a result of sensi 
tivity to strain rate Nitrogen content 
hist effect on location of 
transition temperature, the lower the 
nitrogen content the lower the transi 
tion temperature 
The subambient temperature tensile 
tre haracteristics of Cr-Ni steel weld 
metals are influenced predominantly by 
the presence of the face-centered-cubie 
itustenitic matrix Phe wide and often 
nereasing divergence between the true 
weture ield stresses at low 


temperature issures the availability of 


good duetilit it extremely low tem 
perature \lany of these welds, how 
evel iffer from inability to flow plas 
tien it the higher temperatures, a 
phenomenot hich i related to internal 
phase change ind) grain) =boundary 

ition These undesirable char 
iwteristics are independent of normal 


ittice structure tendencies except a 


let enta influenced by the facet 
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Fig. 23  Strain-temperature-hardness 
relations for 0.003 N flux shielded 
low-carbon steel weld metal 
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Fig. 27 Relations between test temperature and elonga- 
tions for austenitic matrix Cr-Ni steel weld deposits 


Fig. 26 Relations between test temperature and fracture 
stresses for austenitic matrix Cr-Ni steel weld deposits 
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and hardness testa by R. J. Wurdack on Norra! The Effect of und empenition on 
welds made by P. T. Ehrhardt, all of oe 5 ; : the Deformation of Single Crystals of fron 
ACTA Metallurgica, 1, 474-479 (1952 
4 Properties of Mild Steel Weld Metal at High 
Reference Ay Temperatures The (British inatit ite 
JeGiries, %.. and Archer, R. The Setence “ of Research, 4, No. 6, 
of Metale, Chapter VI, MeGraw-Hill Book Co 1241 (December 1950 
Ine. (1024) e 15. Krish, A., and Haupt, H Mechanical 
2 Hechtold, J. H., “Effects of Temperature Properties of Alloy Steels at Sub-Zero Temper 
on the Flow and Fracture Characteristics of atures," Arch Eisenhittenw., 13, 200-308 (1940 
Molybdenum,’ Jal, Metals, Trans. AIME, Test Temperature (100 °F 16. Hadfield, R., and DeHaas, W. J., “On 
i, the Effects of Liquid Hydrogen on the Tensile 
‘ Ridin anc ollins, racture Propert Forty-One Specimens of Metals 
and Yield Stress of 1020 Steel at Low Temper Fig. 28 Comparisons of impact and Phil. Trons. Roy. Soc., A232, 207 332 (1933). 
tensile results for as-deposited covered 17. Evans, E. B., and Klingler, L. J., “Heat 
> Treatment Effecta on Transition Temperature of 
Aging Phenomena in Iron and Steel electrode shielded arc welds in type 
After Rapid Cooling,’ PAdips Tech, Reo., 13, 165 
171. (December 1051) 308 Cr-Ni steel Research Suppl., 417-6 to 431-4 (1953 
5. Jenkins and Digges, “Effect of Temper 18. Krivobok, V. N., and Thomas, R. D 
ature on the Tensile Properties of High Purity Jr., “Impact Tests of Welded Austenitic Stainless 
Nickel,’ Jnl. Research, Bureau of Standards, 48, Steels," /bid., 29 (9), Research Suppl., 493-6 to 
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A TEST BLOCK FOR WELDING 
GRAY AND NODULAR CAST IRONS 


Simple test developed to discriminate between the 


many welding procedures and filler metals 


avatlable for welding gray and nodular castings 


BY WILLERD A. SCHUMBACKER AND ANTON L. SCHAEFFLER 


ABSTRACT. The welding of gray iron 
castings has been an acct pted practice for 
many years With the inherent low 
strength and nil ductility of this material, 
not too much is expected of many weld 
repairs Nodular or ductile cast iron has 
much higher strength and possesses a sub 
stantial amount of ductility Nodular 
castings are replacing certain steel castings 
and hence more is expected of nodular 
iron castings than of gray tron castings 
Weld repairs on nodular iron must also 
have better performance than repairs on 
gray iron 

Many processes and filler metals are 
available for welding gray and nodular 
\ simple test is therefore de 
various filler metals 


castings 
sirable to rate the 
and welding procedures. A small test 
block for this purpose is deseribed in this 
paper he test results show that a spe 
cifie procedure can be reproduced and 
hence the block can be used to discriminate 
between vanous procedures 

In the nickel base class of filler metals 
the 55 Ni type is capable of producing a 
sound deposit whereas the 94 Ni type 
popularly called 99 Ni) is not, Sound 
welds can be made in nodular iron with the 
55 Ni electrode, but gray iron is suscepti 
ble to base metal cracking near the fusion 
line with this eleetrode 

Satisfactor resulta will be obtained if 
the gray or nodular cast blocks can 
heated to over 1100° F and a similar filler 
metal y or nodular iron) can be ap 
control the ox. 


wetvlene, inert-gas tungsten-are and car 


be pre 


plied is possible to 


bon-are processes to give good results on 
casting repairs 
Introduction 
Gray cast iron is probably the backbone 
of the foundry industry Vian 


have been written on its applications 


paper 


ind on methods for the repair of casting 
However 
the applications for gray iron are limited 
ductility Nodular 


or ductile, cast iron is a fairly new mate 


defects and field failures 
hecause of its low 


rial and new applic ations for its use are 


encountered daily Nodular iron has 


Willerd A. Schumbacker ie (Chief Technician 
Charge, Welding Laborat { Anton L 
Schaeffler Metallurgica ne Welding 
Kesearc! lis lmers nufacturing 
Kesear: or k Wis 
Presented 


held in Phil 


Feprvary 1956 


much greater ductility than gray tron 


and usually has much higher strength 
This new material will eventually find 
its proper place in engineering applica 
tions along with gray tron, malleable 
iron and cast steel 

The repair of defects in gray iron 
castings by oxy iwetvlene welding witl 
a simular filler metal, or by oxy-acety 
lene braze welding with a copper-ains 
filler metal More 


recently, high <el or nickel-iron metal 


mmon practice 
are welding ctrodes have been used 
for light fabrication, for maintenance 
velding and for the repair welding of 
casting defects 
Nodular iron has many metallurgical! 
and mechanical characteristics which 
ire different from those of gray iron 
and therefore problems involved in the 
welding of nodular tron may not be the 
same as those encountered in welding 
ertain that problen 
welding of ce 
cts in casting fabrication of 
embles of nodular tron castings will 
be presented with greater frequency 4 
this material uight into more wide 
pread use Fundamental information 
urgently needed to solve these prob 
lems 
The welding pr filler 
ind the different brands of maten 
velding the ious iron castings are 80 
numerous that a simple weldability test 
is desirable for discriminating between 


velding procedure A suitable 


il ility teat must reproduc hould 


use a relativel mall amount of filler 
metal and should be economical Thi 
paper dese rite test coupon or 
block and the pros for the evalua 
tion of welding ls and processes 


for cast irons 
Materials and Procedure 
Weld Test Block 


The principa 


design of the test block were that it 


onsiderations in the 
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Fig. | Photograph of the test block 
which was used for the welding ex- 


periments. Magnification X ' , 


Fig. 2 Dimensions of test block 


wepared, afford con- 
o the weld, be re 
representative ol a 
in actual casting 
itions in mind, the 
Figs. 1 and 2 was 

t block was cast 
groove for the weld 
ckea were tumbled 
leaned with a amall 
rotating burr before 
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should be easily 
restraint 
producible ind 
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— deve oped Phi 
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Table 1A—Materials (Chemical Analyses, %) 


7 ype Brand Source® 7.0. Mn Ss Si \ Vo Cu Al Others 
Base metals 
1. t 239 O8F O 176 O.114 2 07 O10 O12 OOF 24 O00 O08 <0 Mg 
2. Nodular $45 412 040 0022 0007 284 <0 01 000 0 U2 0 03 002 oOo] 0 010 Me 
Filler metals 
Ni A Dep io 40 O88 OOL O45 oot OO] O11 0 05 039 
Dep 118 036 OOLL OSI 56 OO 006 O08 O82 
C Dep 102 069 049 0 007 0.004 0 69 917506 008 O69 
I) Dep 168 124 042 0 0380 OOO1 O OR 010 O 58 
he Dep O77 O34 120 0 008 0005 0 20 52 40 0 16 
2 WANni Dep 097 O98 020 0008 0 008 O82 O84 OF 05 OO 004 O06 O08 272 ke 
Dep O80 0 26 0005 0 006 OSS OF 07 OUI 2.91 Fe 
Dep 115 O92 O27 OOL 0 006 93 50 O00 OO] 019 0 03 22 3.35 Fe 
Ni-Cu J Dep O45 O18 1.06 0 031 0005 122 55656 014 005 O06) O47 474 
Ciray Kod 365 296 O77 O710 O O77 2 79 0 01 004 OO] 012 O00 O OS 0 Mg 
5. Nodular L Rod 71 O14 0025 OO 314 0 01 005 O 02 0 02 0 O04 0 02 0 OOL Mey 


15 Ce 


* Indicates source of sample for chemical analysis: Base = base metal; Dep undiluted deposit; Rod = bare rod 
| Specifications are given in Table 1B 

t Nickel by difference 

§ Ni by difference « 55.95 


Moterials under investigation, The welding pro- SECTION Fon] 

Gray and nodular cast irons were cedure variables included preheat and TEST = a ua 
used for the base materials. Typical interpass temperature, welding process, 5 MICRO EXAM 
chemical analyses of these irons are types and brands of filler metals and 
shown in Table 1A. The specified and heat treatment. The effect of peening ( } 
the actual physical properties of these was not investigated because it is diffi- 
base materials are given in Table 1B cult to specify and reproduce a peening 
The filler metals used inelude various procedure, After welding, each block 
brands of 55 Ni and 04 Ni welding elec- was permitted to cool in air to room 
trodes and gray and nodular iron gas temperature. L ‘ 
welding rods. Table 1A shows the Some blocks were tested in the as- 
chemical analyses of these fillers and welded condition whereas others were - ‘ 
physical properties of some all-weld- tested after heat treatment by one of f C) / iM 
metal samples are given in Table 1B the following methods 
A few welds were made with various 1000° P--Heat with the furnace to | . 
copper-base fillers 1000° F; hold for 2 hr and furnace cool. lL. <—— el 

The cooling time from 1000 to 600° F 

Test Procedure was 10 hr. Fig. 3. Locations of macro slice and 

The test blocks were welded by the 1100° F--Heat with the furnace to transverse 0.505 tensile test in welded 
various welding procedures which were 1100° F; hold for 4 hr and air cool test block 


Table 1B—Materials (Physical Properties) 


tensile teat 
(‘lass or brand and Tensile Yield Elongation % Reduction 


T ype diam, in C'ondition*® strength, pst point, pat in Zin, of area, % 


Base metals 


Ciray ASTM As-custt 24,000 28 , 600 
Class No, 25 150} 20, 000-21, 500 
Specification As-cast 25,000 min 

Nodular ASTM As-cust§ 69, 750-72, 500 51,000.55, 000 90 14.0 
Cirade 00-45-10 1650§ 71,000 72,250 54,000 20 5 25 0 210240 
Specification As-cast 60,000 min 15,000 min at 10 Omin 


2° offset 


Filler metals 


Ni DD), As-welded 66, 000 50,000 115 
D, As-welded 71,700 18,000 13.0 
BR, As-welded 57,600 43,000 100 
D, '/s 1650 65,200 52,000 8 0 
D, 1650 71,500 16,000 165 
D, 1650 72,500 15,000 190 0 
“Ni 1650 15, 800 36,000 5.0 60 
G, 1650 16,800 34,000 70 
1650 19,000 37,000 7.0 6.0 


* 1650 = 1650° F for 4 hr-—-furnace cooled. As-welded = All-weld-metal tensile test specimen per standard AWS procedure 
except 400 to 600 preheat and interpass temperature was maintained 
t Range of ten tensile tests 
Range of three tensile tests 
§ Range of four tensile tests 
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1650° F-—Heat with the furnace to Examination 
1650° F: hold for 4 hr and furnace cool Each block w 
The average cooling rate through the veld and 
1550 to 1300° F) was 250 
I per hour. In some cases the 


critical zone yressed, alte! 
ifter the bl 
was permitted to air cool after the perature 
had reached 1250° } wus tables 
sually 


ented 


Fig. 4. Cross section of typical sound 
weld made with 55 Ni electrodes in 
nodular cast iron. Magnification X 3 
(Reduced by upon reproduction.) 
Etchant: Ammonium persulfate 


Fig. 5 Cross section of deposit which contains weld 
cracks, typical of 94 Ni and 55-40 (Ni-Cu) electrodes, in 
gray or nodular iron, welded at a block temperature 
range of 250-350" F. Magnification X 3. (Reduced by 
upon reproduction.) Etchant: None 


.7 Cross section of 55 Ni electrodes on nodular iron 
in the as-welded condition. The numbers above indicate 
the values of the microhardness (Ky) impressions shown on 
the photomicrograph. Magnification X 100. (Reduced 
by ' » upon reproduction.) Etchant: Nital 


Frepruary 1956 Schumbacker 


is examined visually for 


surlace appearance 
treatment Was speci 


then re 


The visual ¢ 


fhe 


vn in Tables 2 to 
hardness measure 
cks as welding most of the macro 
was completed ons om were 


| cooled to room ed roscopicall and the Knoop 


is reported in the oharad imous zones of the 


Photo- 


determined 


were then heat how the 
is well as the 


on of the weld for uctur viven in Figs. 7 to 


endings were con 
n the values are 
ection ‘ own ip | The hardness data 
the machinability 
iffected by various 


Discussion of Results 


Gray Iron 
U conditions deseribed 
ind 04 Ni electrodes 
itability for welding 
ehent ind Interpass 


Fig. 6 Cross section of deposit in gray cast iron made 
with 55 Ni electrodes. The block temperature range of 
70-125 F was too low, but this type of cracking was also 
observed at higher block temperatures. Magnification 
X 3. (Reduced by upon reproduction.) Etchant: 
None 


Fig. 8 Cross section of 55 Ni electrodes on nodular iron. 
After a graphitizing anneal at 1650 F (see Fig. 7 for the 
as-welded condition). The numbers above indicate the 
) impressions shown on 
(Reduced 


values of the microhardness (K 
the photomicrograph. Magnification X 100. 
by '/, upon reproduction.) Etchant: Nital 
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isshownin Fig. 3. 
tion of the etched ero 
orded as section 
eral representat section 
4 graphed and are hown Fi o inf 
ind 6. If the test block satisfactoril 
these surface and seetion in 
trons t O.505-u liam transverse tet 
test specimetl machined as ind 
ited in Fig. 3 rhe results of the i 
ection i the tensile fests | 
rious mater mbinations and we 
4 7 
4A 
| pe 
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Table 2—Gray Cast-lron Test Blocks Welded with 55 Ni Electrodes 


0.506 tensile teat 


Block Klectrode* Heatt Tensile Elongation 
temperature, Size, Treatment, Visual appearance} strength, per cent 
No Krand in Surface Section par im 2 Mn. Fracture? 
70-125 A 5/4 None Sound FLO Not made 
None Sound PLO Not made 
3 1100 Sound FLO Not made 
250 550 A None Sound Sound 24,800 FL 
5 A 5/5 None Sound Sound 15,800 FL. 
A 1100 Sound FLO Not made 
7 None Sound Sound 14,800 FL, 
1100 Sound Sound 14,900 FI 
None Sound FLO Not made 
10 ID 8/s» None Sound FLO Not made 
1100 Sound 10,600 FL 
550 12 1650 Sound Sound 14,700 1.0 B 
13 1650 Sound Sound 19,100 FL and B 
* 1" after brand indicates different batch of same brand, 
1 1000 = 1000° F for 2 hr; furnace cooled, 1100 = 1100° F for 4 hr; air cooled. 1650 = 1650° F for 4 hr; furnace cooled 
{VL = Fusion line. FLO @ Fusion line crack. B = Base metal, Sl & Slight, e.g., slight amount of slag. Por = Porosity W 
Weld, WO Weld crack, TWO Transverse weld crack, LWC Longitudinal weld erack. 


Table 3—Gray Cast-lron Test Blocks Welded with 94 Ni Electrodes 


tensile teat 


Block Electrode* Heatt Tensile 
lemperature T'vat Size, treatment, Visual appearance} strength 
Vo. Brand in, Surface Section psi Fracture} 
70-125 G None Sound wc Not made 
2 Gj a2 1100 Sound we Not made 
$§ J 3/i6 None LWC Not made 
250 350 j G 9/59 None Sound we Not made 
5 8/50 L100 Sound we Not made 
None LWC Not made 
7§ J None LWC Not made 
550 1650 LWC Not made 
650 750 1650 TWO Wwe Not made 
10 G1 1650 Sound Si Por 18,800 FL and B 
O50 Ciel 1650 Sound we Not made 
12 Gl */vs 1650 Sound Sound 13,600 W, FL and B 


* 1" after brand indicates different batch of same brand 
+ 1100 = 1100° F for 4 he: air cooled 1650 = 1650° Ffor4dhr; furnace cooled 
t See footnotes, Table 2 


§ Brand J isa Ni-Cu filler 


Fig. 9 Cross section of an as-welded nodular iron weld Fig. 10 Cross section of nodular iron weld deposit using 
deposit using the inert-gas tungsten-arc process on nodular the inert-gas tungsten-arc process on nodular iron base 
iron base metal. The numbers above indicate the values metal after a graphitizing anneal at 1650° F. The 
of the microhardness (Kiyo) impressions shown on the numbers above indicate the values of the microhardness 
photomicrograph. Compare with Fig. 10 for heat treated (Kiooo) impressions shown on the photomicrograph. Mag- 
condition. Magnification X 100. (Reduced by |)» upon nification X 100. (Reduced by '/» upon reproduction.) 
reproduction.) Etchant: Nital Etchant: Nital 
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is high as 550° I Fu- CAUBE tself cracked even with 
eracks occurred in weldments preheat temperatures as high as 950 
ith the 55 Ni electrode (Table 2 Table 3 
the 55 Ni electrode a With a high temperature preheat and 
preheat would undoubtedly pre- subsequent sound welds with 
1 cracking The 94 Ni farts and color match 
iv iron filler de 


electrode was found to he unsuit ible he can be 


Heatt 
fy 

Welding proce cT 
Oxv-acetvlene None 
Oxv-acetylen 1100 
xy-acetylens 1100 
Oxy-acet ylene 1100 
Oxy-acet viene 
gas tungsten Ar \ None 
gas tungsten Arc \ None 
Inert-gas tungsten Art \ None 


vatment ppea ance of 


O5045 
Tensile 
trength 
pai 
22,000 
25,700 
26,250 
24.000) 
24,750 
Not 
Not 


Table 4—Gray Cast-lron Test Blocks Welded with Gray Cast-lron Filler Metal 
(Block Temperature 1100° F Minimum) 


inert-gas tungsten are’ indicates argon s 
1100° F ford hr: air cooled 


ippearance was sound in all apecimer 


or 


posited | the oxv-acetvlene 
inert-gas tungsten arc processes 
test data ome welds made at the 


higher preheat temperatures are shown 


n Table 4 If color match is not 


portant, a braze weld made 


v-acet viene proces and 


veldments a shown in | ible 5 


Nodular Iron 


with 
copper 


iller will give very satisfactory 


With a slight preheat of 2450-350 


ind 55 Ni electrodes, fusion line crack- 
ng of nodular iron was not a problem 
The greate luctility of nodular 

omy ired to that of gray iron was prob- 


ibly responsible for the improvement 


in weldabilit Some satisfactory welds 
were produced with all brands of 55 Ni 
electrode Although the data are not 
conclusive, the welds produced by brand 
RB seemed to be more variable than welds 
produced by the other brands, Table 6, 

Very high preheats are required if the 
O4 Ni electrodes are used and even then 


the result ire not consistently 


lable 7 Weld metal cracking is the 
nickel- 


major probler One brand of 


Table 5—Gray and Nodular Cast-lron Test Blocks Welded with Copper Base Filler Metals 


sal appearance 


Surface 


Sound 
Sound 
Sound 
Sound 
Sound 


Sound 


Section 


Sound 
Sound 
Sound 
Sound 
Sound 
Si slag 

LA 


lemyn 
Welding Fille 

prot metal* / 
Oxy-acetyvlene Cu-Zn 11004 
Oxv-acety lene Cu-Zn 11004 
Oxy-acetylene Cu-Zn 11004 
Oxy-acet ylene C'u-Zn 1100-4 
Oxy-acetylene C'u-Zn 1100-4 
Oxy-nacety lene 11004 
Ar 70. 300 
\r H0O0-700 
\r Ph-By 70-3400 
Ph-Br 600-700 
Copper-zi low-luming bronze bare 


Class k Cu Al-A2. Ph-Br Phosphor 


votnotes in Table 2 


W and | 
W an 
| 


Klectrode Heat 
leat Sime 
Vo Krand / 

‘ 
2 5 1100 
5-1 1650 
1650 
> I) 
6 \ No 

\ 
\ 1100 
Nome 
10) 1100 
13-2 
12 ( 
None 
14 1100 
15 1650 
16 I 1650 


Sound 
S1 Por 
Sound 
Sound 
Sound 


Sound 


Sound 
31 Slag 
Sound 


Sound 


lag 


Sound 


'N 


2,000 


200) 


100 
20) 

200) 


-lron Test Blocks Welded with 55 Ni Electrodes 


en ¢ teal 
) klongation 
} 
(MH 
14.20) 
2s O00) 
ule 
ule 
ile 
( \luminum bronze 
/ / nga 
ea 
, i) 
1). 000) 20 2s 0) 
Zh) 15 
0 21 
Min) 
14 0) 25.0 
000 50 0 
; 


hracture 


W 


W 


W 
Ki, 


footnotes in Table 2 


-2”’ after brand indicates different batecl 


1956 


Schumbacker, Schaeffler 


C'aat Trone 


temper 
Sion | 
made 
In the eee 
higher | 
vent 
FAL 
enaile test 
Test 
No ection’, Fracture} 
Si Por KI 
2 Sound 
4 Sound 
Por W 
Sound B 
Por 
7 Por made 
Sound 20, 200 
lding 
1100 
Surfs? See footnote tin Table 2 
Heat 
Vest Base treatment, 
No mela / Fracture} 
| Grav None 
Gray None 
Nod None FL 
5 Nod Nor FI, 
6 Nod 1100 
None 
None 
Q Caras Ne 
(oray No 
* Cu-Zn vire ASTM 18 luge ASTM 
|) ASTM B225-53T Class ¢ : 
|, (See 
Table 6—Nodular Cast 
Blo Lenaile 
perature | ial appearance} frength 
/ Surface ection p 
70-124 Sound ; 
Sound PLO 
Sound 
Sound 
290) joo Sound 53 
Sound 54 
Sound » 
Sound wo 13 W 
sound FLC 25 FI, 
Sound 57 
sound 5s 
Sound 5 
Sound 5 : 
Sound >i Sig W 
Sound ho W 
See 
Fesrvary 


Table 7—Nodular Cast-lron Test Blocks Welded with 94 Ni Electrodes 


tensile teat 
) 


point, 


Tensile 
strength, 


Elongation 
2 
% Fracture? 


Klock Klectrode* Heat* 
tem perature, Size treatment 
Brand in, Surface 
70-125 None Sound wo Not made 
1100 Sound we Not made 
250 350 None Not made 
, None Sound W and FLA Not made 
1100 Sound W and FLA Not made 
None LWe Not made 
None we Not made 
None Not made 
None LWCe Not made 
None LWC Not made 
1650 Sound Sound 37, , W 
1650 Sound we d W and FL 
None Not made 
750 None LWC Not made 
f 1650 Sound we 5, W 
6 1650 Sound Sound f 18,500 } W and B 
17 1650 Sound Sound , i W and B 
‘ None Not made 
, 1650 we we Not made 
204 None Not made 


Visual appearance? 


Section pest psi 


* 0" after brand indicates different batch of same brand 
t, { Bee footnotes in Table 2 


§ Brand J is a Ni-Cu alloy 


nodular graphite structure can be used iron. Hardness measurements were 


As shown in Table 8, satisfactory weld- made with the Rockwell tester or Knoop 


copper filler was tested. As shown in 
Table 7, brand J, a sound weld could 
not be made with preheat temperatures 
as high as 900° FF 

Heat treatment of nodular iron welded 
with 55 Ni electrodes seems to be un- 
necessary if machinability is not a 
factor. Satisfactory 
were obtained from as-welded  speci- 


microhardness tester in order to deter- 
mine the effect of welding and subse- 
quent heat treatment on the hardness 


ments were produced with the commer- 
cially available cerium-bearing nodular 
filler by the oxy-acetylene, 
tungsten are and carbon are processes, of the heat-affected zone. As shown 


inert-gas 


in Table 9, a converted hardness of 616 
Bhn was found in the heat-affected zone 
A stress re- 


A sound weld can be made with copper 
zine filler metal in nodular iron, but this 
material is unsuitable if the base metal 
strength or color must be matched. 
The data in Table 5 show that failure 


tensile properties 
of an as-welded specimen 
lief, and especially an anneal heat treat- 
ment, reduced the hardness so that the 
weldment could be readily machined 


mens. Based on the hardness tests, 
the 1650° F heat treatment of the weld- 
ment appears to be desirable for good 
machinability of the heat-affeeted zone 


occurred at the bond line. 


If nodular iron castings can be given 
a high preheat, at least 1100° PF, a filler 
metal which deposits an iron with a 


Hardness Measurements 
Fusion welding will produce a hard 
heat-affected zone in gray and nodular 


Metallography 


Figure 7 shows that a 55 Ni weld de- 
posit contained some graphite in the 


Table 8—Nodular Cast-lron Test Blocks Welded with Nodular Cast-lron Filler Metals 


Block temperature 1100° F minimum 
5085 tensile test 
Yield 


point, in 2 


Tensile Elongation 


Heatt 

Welding Treatment, 
pro Aan F 
Oxy-acetylene 1000 
Oxy-acetylene 1000 
Oxy-acetvlene 1000 
Oxy-acetylene 1650 
Oxy-acetylene 1650 
Oxy-acety lene 1650 
Oxy-acet ylene 1650 
Oxy-acetylene 1650 
Inert-gas tungsten None 
lnert-gas tungsten 1100 
Inert-gas tungsten 1650 
Inert-gas tungsten 1650 


Visual appearance} strength, 
Section pat 

55,000 
56, 000 
51,000 
56,000 
000 
16,350 
41,500 
42,750 
54,700 
53,700 
58, 400 
61,000 


Surface 
Sound 

Sl Por 

Sl Slag 

Sound Sound 

Sound Sound 

Sound Slag 

Sound Por 

Sound Slag and por 
Sound Sound 

Sound Sound 

Sound Sound 

Sound Sound 

Sound Sl por and slag 
Sound Sound 

Sound Sound 

Sound Sl por 


Sound 
Sound 
Sound 
W and B 
W and B 


W and B 
58, 300 W 
64,000 B 
60,700 3.5 W 
53,200 : W 


Inert-gas tungsten 1650 
Carbon-are 1650 
Carbon-are 1650 
Carbon-are 1650 


* "A" and “He after “Inert-gas tungsten’’ indicates argon and helium shielding, respectively 
t, { See footnotes in Table 2 
§ Weld not centered; broke outside gage length. 
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Vent 
No p Fracture} 
FL 
2 
FL 
15,000 15 W 
7 10 W 
10 W 
& B 
10 5.0 FL 
15, 400 6.0 
12 
14 
15 


Bloel He 


lest fem pe alure treatment 
\o F—avrg 
12 HOO 1650 
1650 


700 It 
1] OO) 


It) 

100 
No 


1650 
12 1650 
15 700 L650 
16 700 
17 700 1650 


2 1100-4 
11004 
11004 None 
10 11004 1100 
11004 150 
12 1100-4 
14 11004 
14 
15 11004 1650 


Nome 


4) 


Nodul ir oiron 


Nodular 


na flecte 
I 


Ni el 


iron 


10S 
112 


112 
117 
10S 


162 
14] 
74 
145 


iron 


10S 
1534 
141 
140 
Nodular tron 
Ist) 
145 
162 
154 
14, 
162 


147 


Nodular iron 


216 


Table 9—Hardness of Welded Blocks 


Cop pe 


Vag 


Base metal 
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Ni electrodes Table 
12 
147 


nodular filler mire l ible S 


205 
Who 
176 
147 


filler (see Table 


240 


ted 


j 
rom 


i onve 


KA 
RA 


RA 
KA 
174 K, 


KA 
150 KA 
153 KA 
KA 


210 KA 
210 RA 
0 Ky 
205 
Ist) KA 
176 KA 
KA 
KA 


Knoop 


Rockwell “A 


The heat 
ontained 
pheroidal graphite After a heat treat 
at 1650° F, Fig. 8, the 
graphite in the weld deposit ine 

| the heat-affected zone w 
\ somewhat hard constituent 
at the 


A nodular iron ce po 


as-welded state iffected zone 


even though hard Sonne 


ment immount ol 
rease 
is softened 
remained 
fusion line 

t had a dendrity 


ippearance as shown in Fig. 9 A fu 
inneal softened this carbict tructure 
vith the formation of ferrite and sph 
roidal graphite particles (Pig. 10 


Summary and Conclusions 


A test block 
heen 


ind an evaluation pre 


eedure have leveloped to disermn 
1 weldin 


nate between filler metals and 

Processt for welding gra ind nodula 
enst irons The test block examined 
visual ning and ter welding 
the presence olf weld and base meta 
cracks A transverse section of the 
block is examined: for soundness and 
if it is sound, a traneverse 0.505-in. dian 
tensile specimen is machined and tested 


| 
conclusions 


The following general 


Feprvary 1956 


100 ¢ load 


in be drawt 
of testa mace 
In these te 


electrodes 


Knoop — 1000 load 


i from the limited number 


t most brands of 55 Ni 
ound weld ce 


94 Ni electrode pro 


d weld deposits 


With a preheat and interpass tempera 
ture range of 250-350 J nodular iron 
is iti wtlor velded vith 55 N 
electrode Good tensile properties were 
obtained from as-welded specimens, but 
mealing iid te rable to solter 
the heat-affected zone, if the weld muat 
iM whined W itl t higher preheat 
temperature 00° F. nodular iron wa 
itisiactor eed thie wet 
iene, inert-g tun carbon 
Process th nodular iron filles 
rod [hese veld ver in 
ler te trie ima produce thie 

lular te structure in the weld 
leposit 

(ora more difficult to eld 
than 28 nodula on because the in 
herent lo it t of grav iron pro 
otes the mation of tusion tne and 


Schumbacker 


(‘ast [rona 


Schae fle 


| 
i 


DISCUSSION 
AND 


e metal crack Apparently sound 

ron weldments produced by the 
tal-as vith nickel-base eles 
les tended to fail at the fusion line 
relatively lo trength 


BY L. M. PETRYCK 
G. R. PEASE 


have read commended {the 
t! te for a job well done 
iké to do the same here 


Che test ape vn is one which we, 
the authe have used for several 
ind upor hich we have learned 
epend estimating crack rest 
‘ Ir t, it was on the basis of the 
ein tl ort of test that the 

eding of gra iron, and later 
tile yvresseed in stages, utiliz 
pper alle the 00-05% 
Ke ind finally the 60/40 
M. Petryck G. BR. Pease are Kesearch 
v Nicks Co, Ke 


hardne 
Heat 
affected 
Remainder 
trodes (sce Table 2 
boo 
Gray iron—94 Ni electrodes (see Table 3 
121 153 KA 
135 139 KA 
108 153 147 RA 
12 GO) 1650 121 141 147 KA 
Ni electrodes (see Table 6 
147 RA 
lid 
15 |_| 74 74 1000 
7 
135 RA 
1” | | 153 KA 
210 
210 
250 
250 
Ist) 
162 
16 11004 169 162 KA 
y 
: posits wherens t 
duced = 
pul 
te 
| 
a 
i! 
| 
97-1 


It is perhaps appropriate at this time 
to attempt to correct a rather wide- 
that the 60/40 
primarily the 


spread pPression 
nickel-iron alloy was 
result of efforts to downgrade the nickel 
type of electrode in compliance with 
nickel 
tions timing of the 
first announcement of the 60/40 elec- 


government-ordered CONBETY 


measures. The 


trode was inadvertently such as to 
create this impression, but actually the 
merits of the nickel-iron type of elee- 
trode, with respect to resistance to hot 
cracking, were well known when it was 
introduced to the industry 

The quantitative demonstration that 
nodular, or ductile iron is easier to weld 
than gray iron will be weleome news to 
those who are including the use of this 
new material in their engineering plans 


DISCUSSION BY HALLOCK C. 
CAMPBELL 


This is very stimulating 


Perhaps that is only natural, for as soon 


paper 


as we develop means of measuring a 
phenomenon, the “art” has become a 
science, and it is characteristic of a 
science that each experiment proposes 
new experiments. I hope I will not 
ask the authors more questions than 
there is time to answer, but I do envis- 
age many uses for their test method 
The small test block is very advan 
tageous. It is 
apparently reproducible 
the reproducibility 
easy casting properties of the nodular 


simple, inexpensive, 
I judge that 


stems from the 


and gray irons, because I recall a similar 
test clock made of 15Cr-35Ni (Type 
HT) alloy which was unsatisfactory 
The trouble there was traced to shrink- 
age cracks at the base of the groove 
The 15/35 test welds always cracked 
severely in the root pass, until the test 
block was redesigned as a slotted groove 
No attempt was made to cast a thicker 
plate, which may be one of the factors 
in the success of the present test; to 
my memory the solid high alloy cast 
ings were only | in. thick.* 

Would the authors comment on the 
correlation of their test with production 
experience’? For example, has there 
been evidence from the field that the 
55 Ni eleetrode performs better in pro- 
duetion welding of nodular iron than 
the 04 Ni type? Does the test block 
show any advantage of the traditional 
intermittent etring-bead “cold welding” 
techniques long used for cast irons? 
I note that there has been no attempt 
to prescribe a pass sequence, which may 
mean that the test is insensitive to that 
variation, 

The nickel electrodes were not satis- 
factory in the tests on gray iron. 


Haliock C. Campbell is Director of Research, 
Areos Corp., Philadelphia, 


* Thomas, R. David, Jr Welding of High 
Alloy Castings,’ Tarn $1 
1), Research Buppl., to 42-4 (1052 


OS-s 


Might they have been successful when 
given the same 1100° F preheat used 
with the gray iron electrodes? Would 
the base metal cracking have been 
avoided when using a “cold welding” 
technique? 

The welding of nodular iron with ce- 
rium-bearing filler metal is an interesting 
I know the inoculating 
of castings is a delicate 
because of the tendency to lose the 
volatili- 
indicate 


achievement 
ration 


inoculant through oxidation or 
Does the test block 
any evidence of difficulty in obtaining a 


zation. 


nodular microstructure because of losses 
related to the use of high currents, high 
preheat, or a poorly adjusted oxy- 
acetylene flame? Possibly the hard 
constituent at the fusion line in Fig. & 
of the 
nodular iron to revert to white or gray 


is an indication of the tendency 


iron through loss or inactivation of the 
nodularizing material 


AUTHORS’ REPLY 


A large number of questions, com- 
heipful suggestions are 
always appreciated by the authors of a 


ments and 


paper because they indicate that some- 
one is really interested in the subject 
We thank those who have discussed the 
paper orally at the meeting and the 
International Nickel Co. and Arcos 
Corp. for their written comments. 

The comments of Messrs. Petryck 
and Pease do not require a reply. It is 
consoling to know that others have 
experienced hot cracking with the 94 
Ni filler and that the 55 Ni filler was 
developed to overcome this trouble 
We were glad to hear that Inco has used 
a similar test block, but were disap- 
pointed that they did not relate some of 
their experiences. For example, did 
they experience the same fusion line 
cracks when welding gray iron with the 
55 Ni electrode? 

Dr. Campbell has asked a number of 
very valuable questions which we felt 
would certainly be asked by a number of 
people. It is not possible to draw di 
rect comparisons between the results 
obtained in the test block and = the 
results obtained on production repairs 
Repairs on defective castings can be 
either similar, more difficult, or less 
difficult to make than the weld in the 
groove in the test block 
ness and the degree of restraint encoun- 
tered in production castings may be 
different from that found in the simple 
test block. 
obtain a comparison between various 
filler materials and welding processes 
Naturally we have made use of the in- 
formation we have obtained on the 
test block for improving casting repairs, 
but we realize that other factors may 
cause a change to be made in the weld- 
ing procedure 


The sound- 


Our major objective was to 


Cast Irons 


Schumbacker, Schae fller 


The difference in restraint between 
the test block and production casting» 
may explain why many 
obtained satisfactory repairs with the 
94 Ni and the 6GONi-40Cu fillers. On 
the other hand, how many times have 
repair welds been examined critical 
for defects through the cross section’ 
A tensile test across the joint is seldom 
checked. Also, if cracks had been pre 
ent, they may have been obliterated | 
peening. If the repair 
water pressure we know immediate! 
if the weld is satisfactory, but if the 


casting serves as a base for a piece o! 


peopie ha ‘ 


must hold 


machinery, the repair need only have 
cosmetic effect, and sometimes not even 
that, to be called satisfactory 

In some of our initial tests on gra 
iron, we did try the “cold welding 
technique mentioned by Dr. Campbe! 
A half inch of weld was made and w: 
then peened 
tained fusion line cracks and the pre 
cedure was therefore discarded 

We did not attempt to prescribe a 
definite pass sequence, but permitted 


Those specimens con 


as he judged 
best. A number of different welders 
were used for the tests and therefor 


the welder to proceed 


we believe that pass sequence is not 
significant factor. 

it is possible that the 55 Ni electrodes 
would produce sound welds in gray iron 
if an 1100 
This high a preheat is difficult to main 
tain with a metal are electrode; auxili- 
ary heating is required. If the part can 
be preheated to 1100° F we would pre 
fer to use gray iron filler and the ox 


F preheat could be used 


acetylene process. 

A nodular iron filler rod should be 
applied with as little heat as possibl 
Prolonged heating or puddling with the 
oxy-acetylene torch will cause an exces 
sive loss of the nodularizing element 
Possibly that oecurred even in the weld 
made with the inert-gas tungsten-ar 
process shown in Fig. 10. It appears 
that a portion of the weld has reverted 
to fine flake graphite, but the smal! 
amount of flake graphite was insufficient 
to affect the over-all efficiency of the 
joint 

The hard constituent observed at the 
fusion line (Fig. 8) of a weld made with 
55 Ni electrodes is probably caused by «a 
diffusion of nickel. This higher allo 
zone may require a very slow furnac: 
maximum 
10 was made wit! 


cool for softening. The 
weld shown in Fig 
the nodular iron filler rod and there is 
no evidence of the hard Zone. kiven 
if there had been a great loss of the 
nodularizing element, the loss could not 
cause the fusion line to be hard. If the 
fusion zone had reverted to gray iron 
this zone could still be complete! 
softened by the heat treatment, pro- 
vided that no nickel was present 

After the 1955 AWS National Fal! 
Meeting, we decided to conduct a few 


WeLDING RESEARCH SUPPLEMENT 


itl 


tests with a new electrode which is 
Table 10--Nodular Cast-lron Test Blocks Welded with 15Cr-7ONi + MoCb recommended for joining many combi- 
Electrodes nations of dissimilar metals. The chem- 


ca inalyvs ot the weld deposit is 


shown in Table 10. Four nodular iron 


tem] Test treatment,* ength point ; blocks were welded at a preheat and 

} Vo p psi Frarture+ interpass range of 250-350 One 

250-350 | None 52,000 I block was left in the as-welded state 

2 150 65.000 32 000 “oo Fl ind the other three were heat treated at 

1650 61, 500 SOO 10 FL&b 1650° for 4 hr Transverse 0.505 

i 1650 62,750 50,500 10 rl ter e tests were made on each block 

al thi 0 Mot ind the results are given in Table 10. 

It appears that this electrode may be 

yd va M la etter thar the 55 Ni electrode for 

149 O O18 OOF 34 70 18 15 24 SO 1 0.17 82 vith thi electrode ire in progress as 

* See Table 2, footnote b well as tests with other brands of 14- 
t See Table 2, footnote « ('r-75Ni electrodes and with 15Cr 


TENSILE-IMPACT PROPERTIES OF 
COMMERCIALLY PURE TITANIUM AT 
VARIOUS TEMPERATURES 


Welded and nonwelded specimens tested at —65, 70 


and 600° F to determine lension-impact energy, 


elongation and reduction in cross-sectional area 


BY 0. H. HENRY AND B. Z. HYATT 


SUMMARY After designing the neces ind nonwelded (of the former type, there he elongation expressed im percent; and 
sary jig and preparing the necessary equip vere first t pecimer with the 1, the reduct in cross-sectional area 
ment, the wuthors conducted  tenaile velded bead intact and, second, thone expressed in percent 
impact tests with specimens of commer specimens with the welded bead removed mweliled Specimen For the non- 
erally pure titanium [wo t pes of ti Dhe welded and nor welded apecimer vere velded specie it wae found that at the 
tanium specimens were tested welded tested at the lowing temperatures three Lest temperatures the tension-impact 
il 65° | with the Use of 4 cold chamber energy did not markedly change There 
O.H Heary Mota! Eng it 70° | without the use of anv chamber we one na onclude that at the tem 
io Graduate is ind at 600° F, with the use of a hot peratures tested —65, 70 and 600° F, the 
Metallurgy at the Universit chamber energ characteristics of com- 
Paper is based on a Thesis presented by B. Z Phree important values were measured ercially pure titanium are similar 
Hyatt ul fulf nd Liculated fireat, the tension impact The percent reduction in cross sectional 


1 Toot pounds aecond irea and the percent elongation showed 


Feprt any 1956 Hen Hyatt Prope rlies of Titanium Wes 


Clectroce 


Fig. 1 Tensile-impact jig and pendulum 
head 

similar increases with temperature, At 
70° F both values were slightly higher 


than the values at —65° F. However, the 
values at 600° F were markedly 
those at 70° Hence, one may 
that the ductility of the titanium, as re 
vealed by the percent elongation and the 
pere ent reduc tron in cross sectional aren, is 
much greater at 600° F than at 70° F and 
in slightly greater at 70° F than at 65 
Ih, while the foot-pounds of energy required 
to fracture the specimens remaimed fairly 


above 
state 


constant at these same temperatures 

Welded For the welded 
specimens, it was found that at the three 
test temperatures, the average foot-pound 
value for those specimens with the beads 
intact was higher than the average foot 
ound value for those specimens with the 
re removed. The average values were 
reported with the seatter above and below 
these values also indicated. The average 
foot-pound values for the specimens with 
the Send removed increased markedly 
from ~65 to 70 to 600° FP, while the aver 
age foot-pound value for the specimens 
with the bead intact does not increase 
from —65 to 70° F but does decrease from 
70 to OOO” F Hence observe 
the average foot-pound value for the spec 
imens with the bead intact was better at 

65 and 70° F than at 600° FP, 
the average foot-pound value for the aper 
imens with the bead removed was best at 
70 

The reent reduction in cross-sectional 
aren and percent elongation in 2 in. in 
crease with increasing temperature with 
the average values for the specimens with 
the bead intact being higher at each sue 
cessively higher temperature 


Introduction 


The physical properties of titanium and 


Specimens 


one 


whereas 


titanium alloys do not diminish to any 


great extent within a wide range of 
temperatures 
There is a lack of data on the tensile- 


impact properties of titanium 


Method of Testing 


Tension-impact tests were performed 
using the Tinius Olsen Impact Machine 
of the pendulum type. A special jig 
which gripped and held in position the 
titanium sheet specimen was designed 
to facilitate tension-impact testing 
The jig is shown in Pig. 1. 

The pendulum when released from a 
fixed height will deliver an energy load 


100-s 


Henry, Hyatt 


to the crossarm of the jig which 
instantaneously transmits the energy to 
the specimen, thus subjecting the speci- 
men to tension and impact simultan- 
At the lowest 
swing the pendulum will have the maxi- 
mum kinetic energy. After the partial 


transmission of energy, the pendulum 


eously position of its 


will rise to a specifie height which is 
dependent upon the energy remaining 
The difference in energy of the pendu- 
after the 
absorbed by specimen 


lum before and impact is 
energy the 
When the pendulum rises, 4 pointer is 
pushed along a calibrated semicircular 
and thus the 
value in foot-pounds is indicated 

As the pendulum falls and delivers its 
blow, energy incurred by 
vibration of frame and anvil, and by 
friction at the bearings. These energy 
losses could not be calculated but are 
thought to be negligible 
additional energy lose 


seale, tension-impact 


losses are 


There Was ain 


which was the 


energy absorbed by the cross-arm. 
This energy was thought to be con- 
stant. 


Selecting the Specimen 

The titanium which was available to 
the authors was in sheet form of 0.093 in 
gage. The chemical composition of the 
titanium sheet in the annealed condition 


follows: 90% 0.2% 


is 48 titanium, 
max, carbon, O.S°% all other elements. 
Since there was no standard form of 


tension-impact for sheet 
material, the authors proposed the use 
of a standard rectangular tension test 
specimen with a 2-in. gage length. 
The specimens were cut and machined 
to shape with the longitudinal grain 
parallel to the length (see Fig. 2). 


Preparing Special Environments 


In addition to the room temperature 


specimen 


ov 70° F tests, the tension-impact test 
required two other environments: cold, 
65° F and hot, 600° FF. Previous 


researchers found that a mixture of dry 
ice and aleohol would provide an ade- 
quate medium for cooling the specimen 
and that a molten salt would be a suit- 
able medium for heating the specimen 


A cooling chamber, a copper-lined 
wooden tank with thick walls, and a 
heating chamber, a natural gas furnace 
lined with refractory bricks within 
which a steel pot, holding the salt, was 
placed, were available to use for the 
experiment, 

During the test the cold bath was 
held at 
any heating of the specimen, and the hot 
salt was held at 620 + 10 
sate for any cooling of the specimen dur- 


70 + 5° F to compensate for 
Fr to compen 
ing transference to the machine 


Testing 

First, the dimensions of the 
mens, minimum width, average thick- 
Second, hardness 
readings were taken on the ends of the 
Third, a 2-in. gage 
was punched on the specimens. Fourth, 
the specimens were placed in the jig in 
the following manner 

One end was placed in the stationary 
hase, fitting snugly against the shou! 
ders of the base; then the top plate 
whose under surface was serrated, was 
placed on the specimen which did not 
lie flush with the base but projected 
slightly above it; next the bolts were 
tightened. 

The other end of the specimen was 
placed on the base of the cross-arm and 


Sper 
ness were recorded. 


specimens ark 


positioned between the shoulders of the 
center plates, and 
top plate was secured to the base 

The head of the pendulum was placed 
against the plate of the cross-arm and by) 


then the cross-arm 


sliding the wedges, exact contact was 
made between the head and the plate 

For tests at low or high temperature 
the above procedure was carried out, 
and then the jig was pivoted so that the 
entire assembly could be immersed in 
the cold or hot medium. When the 
specimen attained the proper tempera- 
ture, the jig was quickly pivoted from 
the medium to the machine 
into position, and then the pendulum 
was released by a trigger 
After several trials, the authors wer 
to transfer the jig, clamp it in position, 


clamped 


mechanism 


ible 


and release the pendulum in 5 seconds 
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¢ 
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Fig. 2. Tensile-impact specimen 
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Table 1—Nonwelded Specimens Statistical Distribution Values 


ler pact elon Reduction in cros 
fion in 2? in ectional area 
125.16 12006 123 1296 15.61 27.30 36.20 38.27 57.78 
a 7.8 7 Ba 1.7 2.3 
6.2% 6.89 8 2% 8.59% 7.2% 17% 6 0% 6.4% 
* Arithmetic mean. St indard deviation. ¢ Coefficient of variation 


Welding 

Specimens of RC 70A, commerciall) 
pure titanium, were welded using the 
following procedure 

First, two 6-in. wide strips of titanium 
double vee 


were beveled to form a 


ilthough the welding was done from 
one side second the strips were placed 
third, the 


double-vee butt 


on a steel backing plate 
was struck and the 
joint was formed 

Helium gas flowing at the rate of 10 
eth, passed under the titanium joint 
while argon gas, flowing at a rate of 
18-20 cfh, passed over the upper sur 
face of the welded joint A thoriated 
tungsten electrode with a current of 100 
amp Was used, and the argon gas flowed 
around the electrode. To prevent con 
tamination of the welded joint, a second 
argon following torch was used. Thin 
strips of the titanium were used for the 
filler metal 

The titanium was welded with the 
due to rolling) per 
joint The 
neither preheat treated nor 


elongated grain 


pendicular to the Speci 
mens were 
postheat treated 

Next the titanium was cut and ten 
Son-inpact mince 


The bv ids ol 


specimens were 


some of the specimens 


were removed, thus forming a flat it 
Ince 
Results 


|. Nonwelded Specimens 
There were approximate) 
it each of the 


28 tensile 
impact specimens tested 
three temperatures 65, 70 and 600 
sults, the author 
irithmetic mean 


I In analyzing the re 
first calculated = the 


which is a measure of the central tend 


eney 
Second, the authors calculated the 
standard deviation which is a measure 


of the dispersion of LLUes 


Third 


efficient of 


the authors calculated the 


ariation: whi h« an be user 


to compare dispersions (see Table | 
The authors ascertained the follow 


ing information from 
togram 

/ Foot-Pounds hor 65, 70 and 
HO00° the 
differ b too much 
120 and 140 ft-lb 
clude that the tensile-impact 
does not differ considerably at the tem 
peratures 65, 70 and 600° | 


Sectional {rea 


values do not appear to 
They lie within 


Thus one may con 


strengt! 


?, Reduction in Cro 
(% For the 


reduction in 


Feprvary 1956 


cross-sectional area was the least \ 


30% At 70° F the value increased 
slightly, but for 600° F. the valu 
vas almost twice as great 
as the value at 65° F and 1°/, times 


the reduction in cross-sectional area in 
65 to 70° F and 
from 70 to 600 


as great as the ilue at 70° Ff 


from 


increases considerall 


Tensile-In pact Elongation in 
In bor | the 
in 2 in. was the least 4 13% \f 
70° F the value 4 ie 
or 600° BF, the value CY 
2A was almost twice as great as the 

ilue at 65° F and almost 1'/, time 
is great as the value at 70° fk Thu 


the elongation appears to respond simi 
} 


elongation 


increased 


reduction in 


tional aren slightly from 
65 to 70° I 


ibly from 70 to 600° I 


Increasing 


ind increasing consider 


Welded Tensile-impact Specimens 


Phere were approximate! 16 spec 


mens, S with beads and &S without 
beads, which were tested at each of the 
three temperatures 65, 70 and GOO 


Since the number of specimens tested 


vas small, the authors deemed that the 


best manner to present the result 


would be in the form of average curve 


Foot-pounds, reduction in ero 
tional area wy? and tensile impact 
elongation in 2 in vere plotted 
igainst temperature These eurve 
ileo «indicate the catter about tive 


iveruge 


The obtained the 


follow 


mlormation tror these gi iph 
/ Foot-Pound With Bead hi 
65° F the average sue is 114 witl 
the scatter above and 22%, below 
The average ilue remains the ime at 
70° F and decreases to 105 at 600° | 
with the tter the same at both te 


perature 


Without Bead At 65° F the aver 


lise th a seatter IS Above 
ind 20°, below it 70° F the average 
i¢ increases to 93 and at 600° F ce 


crenme to 64 with the seatter for bot! 


rature equal to the 
H5 

By comparing the average values of 
bead to those witl 


that the 


the specimens with 


out bead, one can readily see 


Henry, Hyatt 


( poration 
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former have the greater tensile-impact 
trength and the best values appear to 
be at the temperatures —65 and 70° F. 

Reduction in Cross-Sectional Area 
Bead At 65 the 
re value was 13°, with a 5% 
The average 
ilue increased to 27°), at 70° F and 
increased to 53°) at 600° F with 


cutter above and below 
furthet 
the sentts remaming the same for both 


temperatures and equal to the 65° I 


title 

Without Bead: The average value 
65° FF was 13°, with a large 

itter of LOOT, above and below For 


70° IF the average value increased to 
44°) with 14°) seatter above and 20% 
There was a further increase in 
the average to 56°, at 600° F 
decrense in the catter to 14% 


und 


with a 
above 
One may surmise the following: the 
cross-sectional 
than at 70° 
for 


both beaded and nonbeaded specimens 


" ent reduction in 
is greater at | 


ind greater at 70° F than at a) 


eduction was greater for 
than for the non 


Ihe percent 


the beaded specimen 


Tensile-Impact Elongation in 
Tn Witl toad hor 
the average ilue was II while the 
and below. At 


70° F the average increased to 13% 


itter was “,, above 


Ul itter So, above and 12% below 
Phe average sharply increased to 249% 
t th seatter 7% above and 
10°% below 

Without Bead: The average value 


7% ut with seatter 16° 
( below At 70° F the 


iverage increased to 10° with seatter 
16% above md 38°) below There 


increase in the average to 
19%, at I ith seatter 13° above 
One 1 nelude that the tensil 
ipact elongation is greater at 600° I 
than at 70° F and greater at 70° F than 
it 65° | \leo the percent elonga 


tion is great for beaded than for non 
eaded specimet 
In the tot imaiveis one may con 
le that the specimens with the bead 
pertic hich were better than 
the thout the bead 


In removing the bead, and filing the 
dyacent are the machinist effectively 
tional area smaller 
ws the jume within the gage 
Hence, the foot 
ls of energ vhich eould be ab 
without the 


i 


thie wee 
} 


nen 


1, now ledgme nt 
vish to express 
ippreciation to the Aviation 


ipplying the titanium 


tepublic 
pecimens to be tested at ific tem- 
peratures t obtain data that would he 


ol ilue to the aircraft industry 


RESISTANCE OF LOW-ALLOY STEEL PLATES 
TO BIAXIAL FATIGUE 


The relative resistance lo repealed loading of several low-alloy sleels 


and a carbon sleel are compared; also, the effect of notches 


and welds upon the fatigue properties of each material is reported 


BY C. E. BOWMAN AND T. J. DOLAN 


SYNOPSIS. ‘The resistance of plate speci- 
mens of several low-alloy steels to re- 
peated loading under a state of biaxial 
stress wae studied and compared to simi- 
larly loaded specimens of a carbon steel 
commonly used in pressure vessels, Ten- 
wile etresses were deve loped in the top aur- 
face of the plate, the ratio of the principal 
stresses simulating that in the shell of a 
cylindrical pressure vessel, In general 
three types of specimen representing var- 
ous degrees of fabrication were studied for 
each of the eight steels. They were: 
plain or unnotched plates, notched plates 
and plates with a hand-deposited weld 
bead along their longitudinal centerline 
A few random tests were made of plates 
with simulated fittings or with transverse 
welds for some of the steels 

This paper compares the relative resist 
ance to repeated loading of the various 
steels and reports the effect of notches and 
welds upon the fatigue properties of each 
materia The steele having the highest 
static tensile strength demonstrated the 
greatest resistance to repeated loading, 
but their superiority over plain carbon 
steel plates was not as large as might be 
indicated by comparing the ratio of their 
yield or ultimate strengths to those of the 
carbon steel, The fatigue strengths of 
welded specimens were comparable to 
those for the unnotched plate, but the 
data showed more scatter The increased 
scatter might be attributed to two factors 
(a) grinding the weld bead flush polished 
the weld and adjacent plate in the most 
highly stressed region which improved the 
fatigue life; (6) fatigue cracks developed 
out of minute flaws in the weld in certain 
plates thus reducing their fatigue life 

A small notch (having a depth of 0.01 in 
a root radius of 0.01 in, and a length of 
*/, in. perpendicular to the direction of the 
maximum stress) was sufficient to reduce 
the allowable cyelic strain range by a fae- 
tor of 1.25 or more. The studies empha- 
size the importance of eliminating flaws 
such as rolling marks, punchmarks 
stamped numbers and chisel marks from 
the surface of a high-quality pressure 
vessel that is subjected to repeated load 
ing All welds should be ground flush 
and inspected for blowholes or under- 
C. B. Bowman is Associate Professor and T. J. 


Dolan is Head, Department of Theoretical and 
Mechanics, University of Ulinois, Urbana, 
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cutting a8 those conditions may nucleate a 
fatigue crack, It should be emphasized 
that all of the steels studied demonstrated 
a remarkable resistance to progressive frae- 
ture under repeated loading at high strain 
levels. A pressure vessel designed and 
built’ eliminating olmious flawa or severe 
stress raisers could be operated at stress 
levels well in excess of current code limita- 
tions without fear of fatigue failure 


Introduction 

Current design codes for pressure ves- 
sels have made it impractical to use low- 
alloy high-strength steels in preference 
to carbon steels for most applications 
because little or no advantage may be 
taken of the improved mechanical prop- 
erties of the alloy steel. New demands, 
however, are being made upon the in- 
dustry which virtually 
codes be revised to permit an increase 


require that 


in the allowable design stresses for cer- 
tain classes of vessels. It has been 
proposed that an increase in the allow- 
able stress should be accompanied by au 
requirement that the fabricated vessel 
be of highest quality, reducing all stress 
raisers to a minimum, and by the intro- 
duction of low-alloy high-strength steels 
tnat have yield strengths two or three 
times that of the carbon steels. 

While in the past few failures of pres- 
sure vessels have been attributed to 
fatigue, the proposed increase in allow- 
able design stresses and the use of new 
steels has made it imperative that their 
fatigue properties be given careful con- 
sideration. A coordinated study of the 
suitability of the low-alloy steels for 
pressure vessel applications including a 
study of the effect of various design de- 
tails and fabrication operations upon 
their fatigue resistance has been under- 
taken by the Pressure Vessel Research 
Committee. A being 
made in all cases between the higher 
strength steels and a carbon steel, A201, 
with which manufacturers and users of 
pressure vessels have had long experi- 


comparison 18 
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This paper is the third report! 
on one phase of that program conducted 
at the University of Llinois in coopera- 
tion with the PVRC 

The research was designed to deter- 
mine the relative resistance to repeated 
loading for the various steels when sulb- 
jected to loads that would cause failure 
in a relatively small number of cycles 
To accomplish that goal all plates were 
subjected to loads sufficient to develop 
strains in the central region of their top 
surface which were near or above the 
yield point strain for the material; the 
studies were aimed primarily at survey- 
ing the relative fatigue strengths for 
repetitions of less than 5 x 10° cycles of 
loading. The hydraulic loading was 
applied from zero to maximum pressure 
at a frequency of about 100 epm 


ence. 


A detailed description of the design 
of the rectangular plate specimens, of 
the loading fixtures and of the hydrauli 
cally operated testing machine was given 
in the previous papers. Briefly, the 
specimen (similar to that used by Blase: 
Tucker and Kooistra’) was designed to 
develop a state of biaxial tension in the 
central region of its top surface, the 
ratio of the principal stresses being ap- 
proximately 2 to 1, 
only permitted a comparison of the 
relative fatigue properties of various 
grades of steel plate, but it was also well 


The design not 


adapted for comparing the effects of 
various types or degrees of fabrication 
such as welding or notches upon the re- 
sistance of a material to withstand re- 
peated cycling. 

The two previous papers describe the 
results obtained for A201 Grade A and 
A302 Grade B as well as more limited 
studies of A225 Grade A and 90B* steels 
The previous studies covered unnotched 
and notched plates, and effect of a longi- 

* The code used by Gross and Stout’ to desig 


nate these materials has been adopted for this 
paper 
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Table 1—Nominal Chemical Analysis and Mechanical Properties 


ondilior 


Normalized 

Normalized 

Normalized 

Normalized 

Normalized und tempe red 
As-rolled and tempered 
Quenched and tempered 
Quenched and tempered 


Slee 
A201 
A225 
A402 
TOA 
70B 
OA 
OO5B 


S 
0 029 
O45 


O18 

0 O23 

O 

31. 022 

075 OO 
1.45 


O27 
0 


O23 26 
Tensile properti of the high strength 
ler e strength 
pa 

500 
76,100 
70,600 

87 O00 
95.200 
101,800 

120 500 
140.000 


0 006 05 


OSS UO OO, 


0 


tudinal submerged-are weld, a hand 
deposited weld, or a fitting welded to 
the plate, to simulate a pressure vessel 
Limited 
studies were also made to observe the 
of other 


attachment such as a nozzle 


effect of polishing the surface 
types of notches, and of a modified de- 
sign to simulate the stress raising effect 
openings Ih & Vessel 

The results of the earher 


were used to plan the additional study of 


research 
five low-alloy high strength steels and 
the program was conducted in 
ation with the Committee on High 
Strength Steels of the Phre« 


COOpPer 


types ol specimens, an unnotched i 
notched and a plate with a longitudinal 
hand deposited weld were studied for 


each of these steels 


Materials and Specimens 
Investigated 

All materials were received and tested 
as */,-in. steel plates. The nominal 
values ol the heme al inals and 
chanical properties are listed in lable | 
In the previous work plates of A201 

225 and A302 steel were normalized at 
1650° | 
and stress relieved at 1150° | The 


pickled to remove the seal 
unnotched and notched specimens of! 
the new steels 4885, 70A, 90A and 9018 
steels were pickled to clean the suri 
but otherwise they 
as-received condition 
Table 1. The above 
ilso followed for the 70B steel except 
that it was first tempered at 1100° | 
for 4 hr 


vere t 
as outiuned 


procedure Vas 


Fig. 1 Notch detail for hand-de- 
posited weld 
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The welded specimens oft 
trength steel were fabricated by ma 
chining a longitudinal V-groove along 
the center of the top surface of the plate 
A multipass hand 


s lnid in the groove b 


iis shown in | 
leposited weld w 

1 qualified welder following the pro 
cedure outlined in ible 2 The 
mens were cold-straightened to remove 


iu ed by 


straightening operation Was necessary 


the small bow welding (the 
to adapt thy pecimen to the close toler 
inces of the wling fixture The ex 
removed and the 
ground flush with 


the adjacent plats the final grind mark 


cess weld metal " 
welded surface was 
being aligned parallel to the direction of 
maximum tre The five high 
trength steel plate vere tested in the 
is-welded and traightened condition 
vhereas the welded specimens of A201 
ind A302 wer relieved at 1150° | 
ifter the lding and = straightening 
operation stucie were also 
made of p ith the weld bead 
iligned pa | to the direction of ma 
mun tre 
All specimer 
stock so that the direction of rolling wa 
he direction of the 


tre The 


were cut from the plats 


remove the mull 


but otherv thie plate suriace Was 
the as-rolle ondition 

The notched 
cated by milling a plunge cut into the 


pecimens were | abri 


geometric center of the test suriace ol 


diam mul 


the specimet 
ling cutter o ype normally used to 
notch Charpy impact specimen The 
resulting notel iligned perpendicular 
to the direction of maximum stress) had 
a depth of 0.01 in., a root radius of 0.01 
in. and a wth of about , in The 
theoretical tre oncentration tactor 


for the notch ibout 2.8 as deter 


method." 


mined by 
Further studies were made with plates 


ontaining n diam counterbored 
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Table 2—Welding Procedure 


Current, 
Klectrode, amp, and 
travel, ipm 
200 at 6 
200 at 6 
200 at 6 
200 at 6 
20 at 6 


enter of their top surtace 

lesigned to simulate an 

pressure vessel where the 

tre it the junction between 

the edge of the hole and the top surface 
mpares to that existing 

to a nozzle or fitting on 


e of a pressure vessel, 


Test Procedure 

nium strain, the maximum 
n strain during each loading 
ifter referred to as strain 
‘ the deflection, the 
ind the number of 
couse failure were 

specimen 
train range per cycle 
he center of the top sur 
en) was chosen as the 
uneter for determin 
the test condition to 
imen was subjected 
» the data for the vari 
criterion also gave a 
of the severity of 
veen the biaxial fa 
bending specimens 
ind Stout,’ * and the 
studied by 


used parani- 


models 
commonly 
is unsatisfactory for 
the stress was not 
function of the total 
the plastic deforma- 
ed in most of the tests 


the cyclic strain exceeds 
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Stee a ( Vn S \ ( Vo \ li Cu B 
A201 0.18 0 20 
4225 0.20 0 15 
4302 0 21 25 0 4] 
TOA 0.15 021 2.17 0 73 
70B 0.21 2 04 22 0.05 
OOA 0.31 25 0 12 
oon 0 O 5O O45 O06 
steels 
Yield at Klongation Reduction 
os 2 
52 20 2 fo 
23.8 
25.5 71 0 
s4 10 5 2 
113 17.5 61.5 
123,4 15 5 
Plate 
i885 Room 
Koo 
70K Koon 
Room 
the inside 
mum principal 
3 4 
Welter 1} 
\ 
y eter oft tres 
f 
} omparison ot 
b 
train because 
tion wl Ore 


the yield point strain, the stress range 
is no longer linearly related to the strain 
range because of the hysteresis effect.* 
In the plastic region, stress concentra- 
tion tends to decrease with load while 
strain concentration increases with load.’ 
In order to eliminate confusion only the 
measured values of maximum strain 
ind of strain range are reported in this 
paper. 

The criterion for failure was chosen 
iw a crack having a length of */j. in 
This length was chosen because it was a 
crack long enough to be readily detected 
at any point in the 30 to 50 sq in. ares 
in which initial failure normally occurred 
but vet was short enough so as not to 
seriously disturb the stress distribution 
in the surface of the specimen. To aid 

in the detection of cracks a thin coating 

of white lead cut with machine oil was 

brushed over the surface of the speci 

men. As a crack developed, a dark 

Fig. 2 Cracks developed in 90A steel plate after 87,400 cycles of 3135 micro- stain anneared ia the white lead which 
in./in. strain (the (+) indicates geometric center of specimen) ace ats — 
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Strain Range per Cycie, (100 microinches per in.) 


3x10” Tex Tes 3x10’ 10" 
Cycles to Failure Cycles to Failure 


Fig. 3. Relation between strain range and fatigue life for Fig. 5 Relation between strain range and fatigue life for 
4855 steel plate 70A steel plate 


| 
oh 


Fig. 4 Mill scale impressions in surface of 48S5 plate Fig. 6 dead of 70A steel plate showing pitted condition 
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facilitated detection of initial failure 
and outlined the crack growth. At 
the highest cyclic strains, a failure oc- 
curred in as few as 4000 cycles while at 
the lowest strain range some specimens 
did not fail after 1,000,000 ycles; at no 
time were the tests conducted beyond 
1,000,000 cycles of strain 

Cracks were, without exception 
aligned perpendicular to the direction 
of the maximum principal stress for all 
Initial failure 


usually oc- 


types of plate specimen 
in unnotched specimens 
curred within 2 in. of the longitudinal 
centerline and within 4 in. of the trans- 
verse centerline. However, surface de- 
fects in some plates were occasionally so 
severe as to cause failure to initiate at a 
point more remote from the region of 
maximum cyclic strain. In general, 
many cracks developed in a random 
fashion in the specimen as shown in Fig 
2; as the initial crack developed, it 
would often join one or two other cracks 
before it reached a length of 1 in 


Discussion of Results 

Figure 3 is a plot of the maximum 
strain range to which the top surface of 
the plate specimen was subjected dur- 
ing each loading eye le versus the nul- 
ber of cycles necessary to cause failure 
for the three types of 4885 steel speci- 
Data for the unnotched and 
notched plates show little scatter even 


mens 


though the surface of several samples 
contained mill seale impressions which 
were as deep as 0.010 to 0,020 in. as 
shown in Fig. 4. The fact that the 
smoothest plates were selected for the 
unnotched specimens probably mini- 
mized the harmful effect of the rough 
surface. The plates containing welds 
had approximately the same resistance 
to repeated loading as the unnotched 
plates, but showed somewhat greate: 
scatter 

There were two general character 
istics of all welded specimens that ex 
plain in part the greater scatter of data 
In grinding the surface of the weld bead 
some of the area of the adjacent plate 
was also ground, thus improving the 
fatigue resistance relative to the un 
notched plates On the other hand 
while visual examination of the various 
plates showed the welds to be of good 
quality, it did reveal three types of flaws 
that resulted from the welding opera 
tion and which had a deleterious effect 
upon their fatigue resistance. The 
most serious were holes or pipes having 
a diameter of 0.010 to 0.030 in. and 
which were frequently so deep that it 
was not feasible to remove them | 
The other two types of flaw 


were undercutting along the edge of the 


grinding 
weld and chisel marks in the plate ad- 
These latter imper- 
fections were removed using a smal! 
diameter grinding wheel. A study of 


jue ent to the weld. 


the original data sheets for the welded 
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Fig.7 Surface of 70B steel plate showing lapped edge caused by laminations 


plates revealed that for a majority of 
the specimens, initial failure occurred 
in an area of sound weld metal or in the 
adjacent plate For about one-fifth of 
the plates, the initial failure started at 
a small diameter blow hole or flaw in the 
weld metal; however, this type failure 
seldom caused a significant reduction in 
the fatigue life as compared to un- 
notched plate 

The unnotched 
steel demonstrated consistent experi 


specimens of JOA 
mental results as shown in Fig. 5 even 
though it had a severely pitted surface 
shown in Fig. 6, which appeared to have 
the same texture as that of a corrosive 
ittack. In fact, areas of the surface 
were 80 severely pitted that four notched 
specimens failed from the pitted area 
rather than from the machined notch: 
thus in these instances the stress con 
centration in the pitted area exceeded 
that of the machined notch The data 


for the specimen vhich failed in an 


notch are indicated 


specimens were sorted weecording to sul 


area away trom 
by the solid triangle 


n Fig 5 
face condition, a ere the ISS5 plate 

the plates with the least pitting were 
used for unnotched specimens while 
those more severely pitted were used 


for the notched specimens 


Of the several steels studied, the 70A 
stee!| showed the least reduction in 
cyclic strain due to the introduction of a 
Thus, 
it seems probable that surface defects 
specimens developed 
stress concentrations that resulted in 
lower fatigue strength of the plate than 
that which might 

pat value for the stee] 


The 70B steel had a relatively smooth 


machined notch in the plate. 


in the unnotched 


be expected as a 


surlace, but the plate contained some 
laminations which caused a very rough 
pattern on the surface of a few samples 
is shown in Fig. 7. The subsurface 
laminations such a hown in Vig did 
leleterious effect on 
the fatigue life of the specimens (the 
light olored area indicated by the arrow 
represents the penetration of a fatigue 
urface down to the 

plate). The ma- 
chined notch penetrated a small sub- 


not ippeal to have 


Crack from the 
lamination ith the 


mination on one specimen 


vith the result that failure occurred 


ery prematurely during testing How- 
ever, the other notched specimens he- 
haved in a normal mnoner A study 
ot the of ying lata plotted in 


indicated that the livht increase of 
innotched specimens of 
ittributable to lamina- 


Fig. 8 Subsurface lamination in 70B steel plate (light area, designated by arrow, 


outlines penetration of fatigue crack) 
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Strein Range per Cycle, (100 microinches per in.) 


3x10" Tey 
Cycles to Failure 


Fig. 9 Relation between strain range 
70B steel plate 


tions in the surface. The welded speci- 
mens appeared to be slightly weaker in 
fatigue at high evelic strains and some- 
what stronger at lower levels of evelie 
strain than the unnotched steel plate. 

The surface condition of the 90A and 
HOB steels was relatively good, and the 
experimental data for both materials 
shown in Figs. 10 and 11, had little 
seatter. Of the eight steels studied 
these two materials showed the great- 
est reduction in cyclic strain from un- 
notched to notched specimens. It is 
probable that this was due in part to 
the fact that the unnotched specimens 
were relatively smooth and approached 
a higher par value of fatigue strength as 
compared to those containing the ma- 
chined notch. Thus the effective stress 
concentration of any surface roughness 
in the plate was low compared to several 
of the other unnotched materials that 
were studied 

In general, it may be stated that 
plates with welds had approximately 
the same (or in some instances slightly 
greater) resistance to repeated loading 
than unnotehed plate of the same mate- 
rial, On the other hand, the machined 
notch in the center of the specimen de- 
creased the allowable strain range to 
which the plate could be subjected for 
a life of 10° eyeles to a level of O.5S to 
O.80 of that of the unnotched plate. 
If the theoretical stress concentration 
factor for the machined notch was fully 
effective, however, the allowable strain 
range for those plates would be 0.36 
of that for unnotehed plates 

Five of the welded plates were radio- 
graphed before testing; each was of 
different material and four of the five 
tested at different pressures. One of 
these plates was cycled at a low pressure 
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Unnotched oO Unnotched 
Notched 4 Notched 
Hand Weld Hand Weld 


Strain Range per Cycle, (100 microinches per in.) 


Li] 
10° 
Cycles to Failure 
and fatigue life for Fig. 10 Relation between strain range and fatigue life for 
steel plate 


and did not fail, while the other four for these limited studies. The work of 
were cycled at intermediate pressures Wilson” ' would indicate that with 
and each failed in the weld. Three of this orientation of the weld the data 
the failures occurred in sound weld should show less scatter than with the 
metal while the fourth failure developed weld perpendicular to the maximum 
out of a small blowhole which was barely stress as was the case for the other 
detectable in the radiograph upon re- welded plates. However, an accurate 
examination. However, none of these check of this theory could not be ob- 
failures in the weld or from a blowhole tained with only six specimens 
exhibited abnormally low fatigue life Four plates each of A201 and A302 
Tests of the six plate specimens con- steels containing a counterbored hole 
taining transverse welds (that is weld having a sharp lip were found to be 
heads oriented along the direction of slightly less resistant to fatigue than 
maximum stress) indicated that they notched plates of the same material 
were as resistant to fatigue as un- However, two similar specimens with 
notched plates and plates containing a lip radius of ‘46 in. were much more 
longitudinal welds. Therefore, the dif- resistant to fatigue than notched plates 
ferent orientation of residual stresses These findings are in good agreement 
resulting from welding did not produce with those of Welter'? who found that a 
an observable difference in cyclic life sharp-lipped nozzle was a more severe 
LEGEND 
Unnotched 
4 Notched 
O Hand Weid 


° 


Fig. 11 Relation 
between strain 
range and fatigue 
life for 9OB steel 
plate 


Strain Range per Cycle, (100 microinches per in.) 


3x10’ 10° 10° 
Cycles to Failure 
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the exc ve irwe plastic deforma 
the A2OL steel at 
Dressire exceeding SoU pat (or which 
train was about 2100 micro 


JA201 


| ime severe deformation 


-0.005 Elastic Strain 


not be tolerated in actual design. It 


that probably could 


The two dashed curves representing the 


Lo _ ) Plastic Strain vill be noted that the highest strength 
Scale N tes ist el i relatively small 
= t deformation when 
ow ed at pre ires even up to 1750 psi 
| O In Fig. 13 the ratios of the nominal 
t tres orn onding to a life of 
= th es dl led by the yield strength 
the i livided by the ten 
e strengtl ire plotted as a funetion 
- on ad woe @ qd of the ela trengtl The two solid 
NN KO O H curves representing the unnotcehed and 
v the notched data ft each steel divided 
by the yield strength are approximately 
| rel the ope indicates that 
the lic stre for a life of 10° eveles 
i fraction of the vield 
| a (] (] trength as the eld strength increases 
¢ 


| 


850 psi > 1250psi +—1750 p.si- 


innotched and the notehed data for 


Pressure Pressure Pressure ’ , livided by the t | 
Fig. 12 Cyclic strain range and accompanying permanent strain in tests of plate , th a parallel, but have Je 
specimens 
Pp ope than that ol thre solid lines Thus, 
{ dicates that the allowable eveli 
stress raiser than the machined notehe maimed constant tor a given thickness train also i niuntler proportion 
One characteristic of the hvdraulical of plate and le pressure and wa of the tensile trenyth as the vield 
loaded plate fixture was that there was ndependent of the material as shown by trength inerense However, this lat- 
no physical limitation to the plastic ce the open irs in Fig. 12.  Inelastiv ter proportio lecreases at a smaller 
flection of the specimen except for limit train occurred in the weaker material rate than the itio based on the vield 
stops that would halt the test if the uch as A201 at a relatively low pressure trengt! Probably the most significant 
total deflection exceeded a safe value is shown by the shaded bars in the same trend indicated by the curves was that 
Thus, if the hydrauli pressure on thre hhwure At a pressure of 1250 psi the the allowable cl train for unnotched 
bottom surface of the plate was suffi A201 material developed an inelasti pecimens and for notched specimens was 
cient to cause the stress level in the plate strain of over 5° and it was found that influenced to about the same degree as 
toe xceed the \ strength ot the mints pla deftormations im the \20) thy trengt! ‘ thie incrensed It 
rial, the specimen would yield during teel were accompanied by strain hard oO be observed in Fig. 13 that all 
the first few loading evele intil a state ening.” It een probable that the of the ste ere ble to withstand a 
of equilbbrium was reached between the train hardening thus developed had a tram rang y from 0.7 to 14 
applied load and the detormation favorable nfluence upon the fatigue tine thie eld nt strain in the un 
stresses The elastic o che stram re roperties of the material However notched plate for a life of 10° cycles 
These « ‘ trains corre sponded to 
pproximate 04 to 0.9 of the tensile 
pa trenyt! the ton tester.) Thus 
the to howed surprisingly 
re) } ovressive tracture 
14 | tre 4 
° ° Oo ° irves to those in Fig. 13, 
3 except with the al is equal to the 
1.2 
P tutic te e strengths of the steels 
itted hut e not reproduced 
° 
: er nee the howed almost identical 
1.0 trends to thom strated 
= Che first ion of the bar ehart in 
eos the ratio of allowable 
wn 
nue inpotched and notched 
plate of ene the vith that of 
3 4201 for three different evelic lives. A 
> 6 
oO tud { the ta reveals that in general 
thy alle trength steels are 
e f t tigue than in the 
z A200 However, the increased resist 
e of those ster not as grent ae 
eg 2 } ght be anticipated from their yield 
30 40 50 60 70 80 90 100 io 120 
Nominal Yield Strength in kips * The one ia defined = the 
we ‘ pled by the modulua 


Fig. 13 Variation of relative fatigue strength with yield strength for eight steels 
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or tensile strengths. Their improved 
performance was usually greatest for a 
life of 10° cycles, These ratios are very 
similar to those reported for these same 
steels by Gross and Stout.’ The second 
bar chart in Fig. 14 shows the allowable 
cyclic strain that unnotched and notched 
specimens withstood for three values of 
cycle life. Without exception, the 
allowable cyclic strain decreased with 
increased cyclic life. In general, the 
allowable cyclic strain increased with 
increased yield and tensile strength. 
The most pronounced exception was 
the unnotched A201 which had a rela- 
tively large allowable cyclic strain for a 
life of 5 * 10* cycles. This was at- 
tributed, however, to the favorable 
effect of strain hardening that resulted 
from the large plastic deformation de- 
veloped in the plate at the higher test 
The third set of bar graphs 
gives the ratio between the strain ranges 
for notched and unnotched plate for the 
three values of cyclic life. This ratio 
was relatively constant for each of the 
eight steels, indicating only moderate 
variation in the fatigue sensitivity of 
any of the materials to the machined 
noteh. For a life of 10° cycles the 70A 
steel sustained the smallest reduction 
in allowable cyclic strain while the 90A 
and 90B materials sustained the great- 
est reduction. Each steel was most 
notch sensitive at the highest values of 
eyclic strain and least notch sensitive 
at the lowest values of cyclic strain 

To date, there is no evidence that the 
values of allowable strain range for a 
given cyclic life obtained from the plate 
specimen studies may be translated 
quantitatively to pressure vessel design 
Rather, this 
compared various materials and the 
relative or qualitative effect of various 
surface conditions and typical fabrica- 


pressures 


practice, research has 


tion operations 

The data reported are in good qualita- 
tive agreement with those reported by 
Ciross and Stout;’ however, the allow- 
able eyelic strain that the plate speci- 
mens withstood for a given life was much 
lower than for the cantilever beam speci- 
mens studied at University. 
The lack of quantitative agreement 
would, however, he expected because 
of the difference in the size and type of 


Lehigh 


specimen and because the cantilever 
beam specimens had a machined sur- 
face while the plate specimens were 
tested with the as-rolled surface. 
deoxidation of the surface of the plate 
as well as surface roughness may also 


Some 


have also been present to lower their 
fatigue strengths. Welter'* found that 
in a few tests the allowable eyclic strain 
for pressure vessel models containing 
machined notches and welded attach- 
ments was somewhat lower than for the 
plate specimens at about the same cyclic 
life. The fabricated vessel models had 
a more uniform distribution of tensile 
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stress throughout the thickness of the 
plate and thus probably developed a 
higher effective stress at the root of the 
notch (in the plate specimens the root 
of the notch penetrated to a region of 
lower stress than that measured on the 
top surface). Also the simulated noz- 
zles in the vessel models had a sharp lip 
at the edge of the hole that was shown 
to be a severe stress raiser by the limited 
studies on plates. The fact that the 
vessel models were cycled at a very slow 
rate would also account for about a 15% 
reduction in strength based on the data 
reported by Gross and Stout. Thus it 
is felt that a fairly good agreement exists 
between the data reported on the same 
steels by the three coordinated programs. 

As a result of this research program, 
much has been learned concerning the 
resistance to repeated loading of high- 
strength, low-alloy steels and the effect 
of various fabrication operations upon 
their fatigue resistance. It has been 
observed that a rough plate surface, 
whether obtained artificially (such as 
the machined notch) or whether it ex- 
ists in the as-received plate (as in the 
case of the 70A steel) will cause a sig- 
nificant reduction in the resistance of 
the plate to repeated loading. On the 
other hand, high-quality welds with the 
reinforcement removed should have no 
deleterious effect upon the fatigue life. 


Conclusions 

1. Hand-deposited good 
quality ground flush with the plate sur- 
face did not reduce the resistance of the 
plate to repeated biaxial stressing 

2. The fatigue resistance of un- 
notched and of notched plate specimens 


welds of 


x2. 
hedeed Ratio of strain range 


Oo 

gy in specimen to strain 
” range in correspond- 

ing A201 specimen 

Materia! Condition 


Unnotched 
A20! Notched 


ich 
A225 


otch 
48S5 Notched” 


302 Norcned 


TOA 
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Notched 


Unnotched 
90A Notched 


Unnotched 
90B Notched 


Strain range per 
cycle (microinches 


increased with the static strength but 
not as rapidly as the rate of increase of 
yield or tensile strengths. 

3. The fatigue strength reduction 
of the eight steels caused by a notch 
machined in the plate was relatively 
constant, their fatigue notch sensitivity 
being slightly greater for the higher 
cyclic strains (short life studies). The 
strength reduction due to the notch was 
roughly half that predicted by the theo- 
retical stress concentration factor of 2.8 
for the notch. 

4. The surface condition of the plate 
may have a significant influence upon 
the resistance of the steel to fatigue 
failure. 

5. Unnotched plates of all of the 
steels exhibited great resistance to plastic 
fatigue; they were able to withstand 
cyclic strains greater than 0.6 of the 
yield point strain for 10° cycles before 
failure. 
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EFFECT OF CURRENT AND ATMOSPHERES 
ON ARC TEMPERATURES 


Authors discuss the problems involved in measuring 


and mapping the temperatures in the arc stream 


and report early progress made on this project 


BY G. M. GORDON, OLGA A. COTTER AND E. R. PARKER 


Introduction 

The properties of deposited weld metal 
depend upon the reactions that occur 
in the are. These in turn are affected 
by the composition of the flux and gas 
used to shield the metal during its tran- 
sit from the electrode to the work At 
the present time there is no way in 
which the nature or extent of the chem: 
cal reactions occurring in the are can 
It was with this in mind 
present investigation 


be predicted 
that the 
started, with the hope that quantitative 
data could be obtained which 
make accurate correlations and predi« 


vould 


tions possible 


The first, and one of the major, prob- 
lems under attack is that of measuring 
and mapping the temperatures in the 
are stream This is a difficult task but 
one that must be mastered before prog 
ress can be made. Temperature meas 
urements are of prime importance he- 
cause all reactions are temperature de- 
pendent, with equilibrium constants 
and reaction rates of the multitudinous 
potential reactions varying in a pres- 


ently undetermined mannet 


The purpose of this paper is to dis 
cuss the problems involved in the meas 
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urement of are temperatures and to 
report the early progress made on this 


project 


Temperature 

The term temperature is used to de- 
fine the thermal energy existing in a 
system At low temperatures, the prob- 
lem of 
relatively simple but attl el} igh temp ra 


temperature measurement 1s 
tures of the electric ar which reach 
thousands and even tens of thousands 
of degrees, the problem is far from sim 

Old and 


ire 


tandard measuring de 
ind temperature must 
n be defined in new and different 
few o 


lved in arri rat an are 


the considerations in 
tempera- 


] 
erties, such 


the thermocou 


ition ol ph eal prop 
thermal expansion ind 
effect, density and 
elocit of sound 

B. Extrapolation of thermodynamic 
properties 

( telating energy forms such as 


velocity 
ID Determination of the degree of 


energy 


potentia to kineti 
ionization such as is used by astrono- 
mers Which obtained from the Saha 
ponization equation 

Appl ition of arious laws or 
rules that have been de eloped such as 
Plank’s Radiation laws and the Wein’s 
Displaceme nt Law whic h are the hasis 
of radiation meters and optical pyrom 


eters 


ire m peratures 


J Deduction from other physical 
propertie or combinations of these 
other factor lor example the Orn- 
hich relates the intensity 


to temperature 


stein formula 


of spectral lines 


The positive column of a carbon are 
is considered a wood example of thermal 
equilibrium, Ornstein! and Finkeln- 
demonstrated mathemati- 

ibrium does exist and that 


berg? have 


energy relationships 
However, ina welding 
true sense of the 

Ihe temperature 
electrons, ete., as de 
neasurement of toniza 
und, absorption and 
intensitie has been re 
n 4000 and 30,000° 

peed movies have 
metal is transferred 
ropes of liquid Since 
point of about 
nperature ranges must 
that of the 
liquid metal and that of the surround 


be present in a welding are 


It appears from a thermodynamic 
ww that the reaction 


between the gas 
and the metal dror 


| controlled by the 

urlace temperature ol the liquid metal 
The kinetic ts mperature ol the Vapors, 
electrons and | ilso play an un- 
is the source of 
the electrode and 


present) 


portant rok 
the ener, 
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Table |—Temperatures Obtained From Spectral Line Intensities 


Line pair SE, 1 
3264 
Bn 
Ke 1 02 
$425 
Fe 
7 
Fe 
3202.0 
Fe 6 103 
ve 2 1 
$242.6 


Temperature at current, ° K 


10 amp 24 amp amp 


H5S80 0450 
5ALO 5700 
5020* 5190 5310 
5300 5460 
5490 6280 
41230) 4068 43010 


* From temperature assumed at 5020° K, 


1 From King and King data.’ 


Reactions may, of course, take place 


in the pool of deposited metal. Such 
reactions will be studied later. The 
present research is concerned with 


events that occur in the are plasma; the 
with their 
extreme temperature gradients, are not 


anode and cathode regions 


presently under investigation 

Initial utilized a low 
eurrent are 
studied and 
consequently 


experiments 


because these have been 


used by spectroscopists; 
considerable 
Also, 
takes 
place, conditions are relatively simple 

The studies to date fall into three 
The initial experiments in- 


volved studies of the plasma of low- 


there was 
background information available 
transler 


since no liquid metal 


categories 


current arcs by means of spectrographic 
The first 
evaluate the various techniques which 
had been literature 
The second phase consisted of utilizing 
one particular method to determine the 


techniques step was to 


reported in the 


effects of various atmospheres upon the 
are temperature. The third portion is 
just beginning. It consists of an at- 
tempt to measure the temperatures pres- 
ent ina high current-constant potential 
welding are. A discussion of the prob- 
lems involved in the measurement of 
the are plasma temperature is presented 
below 


Spectral Line Intensity Methods 
Several methods have been developed 
in the past for determining are tempera- 
tures using relationships between ioniza- 
tion potentials or spectral line densities 
aml temperature. One such relation- 
ship has been demonstrated by Seme- 
nova’ and is shown in Fig. l. From 
this it is apparent that elements which 
comprise the electrode coating, as well 
as the electrode metal, will largely de- 
termine the 
Saha‘ subsequently developed a relation- 


temperature of the are 


ship between the temperature and de- 
gree of ionization for a material having 
a given ionization potential, 


A third 
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approach to the problem has been made 
by Ornstein which utilizes the applica- 
tion of Boltzmann's statistics to relate 
the intensity of a spectral line to the 
temperature. A variation of this tech- 
nique, Which utilizes the ratio of inten- 
sities of two lines of the same element, 
was used in the present investigation. 
This equation takes the form of 


Ie (AB/kT) 


where 
/ = intensity 
AK = difference in energy state of two 
lines 
= Boltzmann's constant 


T = temperature 
K = probability constant of emission 


Since the intensity ratio of two lines 


may be measured with a fair degree of 


accuracy, and the levels are 
known precisely, the temperature and 
constant K remain as the only un- 
knowns. Three different methods were 
employed to evaluate the value of A 


These are 


energy 


for the present case 

1. Direct caleulation from published 
values of oscillator strengthe.° 

2. Determination of the temperature 
of the are by using spectral lines of an 
impurity element in the electrode for 
which the values of K have previously 
been determined. From these data it 
is then possible to calculate AK values 
for various pairs of iron lines. 

3. Mathematically approximate K 
from a series of lines from arcs operated 
at different using 
temperatures, 

All of these methods are approxima- 
tions and have inherent errors or diffi- 
culties which will be discussed in detail. 


currents assumed 


Experimental Procedure and 
Results 


An Applied Research Laboratories, 
meter grating 
accessory equipment were used for the 
experiments 
and '/, in, diam iron welding rods with 
a light copper coating. They were cut 
into-*/, in. lengths and placed into holes 
drilled in '/4-in. copper rods. 

I;xposures were made at 1, 2.5 and 4 
amp. The standard deviation for four 
pairs of lines were in the range of 2 to 
2'/s% The 


tensities across the arc gap were studied 


spectrograph and 


The electrodes were 


distribution of line in- 


by focusing an image of the are on the 
secondary slit. The resulting 
that the distribution 
very low intensity 


image 
showed varied 


from close to the 


12 
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Fig. | Temperature vs. ionization potential (ref. Semenova) 
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CATHODE 


ANODE 


Fig. 2 Distribution of line intensities across the arc plasma 


anode to high intensity near the cathode 
and a rather continuous gradation be 
Although 
ionized and high energy lines were ob 


tween the two electrodes 


served to some extent at both electrodes 
there was a much higher concentration 
of such lines at the cathode. On the 
other hand, continuum spectra from 
the molten metal and band structure 
A typical 
image of this type is shown in Fig. 2 

(Juantitative studies made across the 


gap showed line intensity ratios from 


were observed at the anode 


the region close to the anode and from 
the center of the arc were in fair agree 
ment, while ratios from measurements 
close to the 
(Throughout this work, all line ratios 


cathode were larger 
were detemined by dividing the high 
energy line by the low energy line so 
that an increase in intensity ratio wil 
represent an increase in temperature 
It is essential, if any degree of accu 
racy is to be expected at all from sucl 
measurements, that the self-absorption 
of the party ular lines chosen be almost 
Dieke and Crosswhite® have 
discussed absorption in detail and have 
shown that the greater the intensity of 
the lines, the greater the self-absorption 
Therefore ill of the lines 
this study were subjected to a test for 


negligible 


elected for 


self-absorption by comparing the inten 
sity of the lines at two different current 
values. Only lines showing low self 
absorption were used 

Langstroth and MeRae have re 
ported the A value for two tin lines to 
be 3.06 


as follows 


The equation is 


I Sn 3264 6600 


Sn 3034.1 


Since tin was an impurity in the copper 
coating of the electrode, it was possible 


to use this equation to obtain the 


temperature the first line of 
Table | 

Using the temperature of 5020° Kk 
obtained in this manner for a l-amp are 
calculations were made to determine are 
temperature trom fron lines which had 
heen carefull elected to be free from 
interference elf-absorption and to 
have AF values of about 1 1 At Ak 
equal to 1 1 i 10°) error in line ratios 
will result in about a 10°) error in 
temperature 

The A values 


used to calculate the tempt rature at the 


obtained were then 


values along 
those obtained from A ilue 

ileulated from the work of King and 

King ire shown iti ‘| ible | 

of temperature with cur 


r current Phese 


Phe increase 
rent obtained from the tin ratios seem 
out of line since Mason® reports an in 

of only 10°) in temperature when 
irrent wreased from 1 to ; 
imp However the 


W20° K reasonable and is 


temperature 
wreement vitl results reported 
oth worke!l A vere 
lated from this temperature and 
the in turn ver ied in calculating 
temperatures for the 2.5- and 4-amp 
ure The re 


ne 


iting temperature in 
reasonable but con 


iderable discrepane is be 


results obtained from different 
t temperatures reported in the 
King’s 
values The lower 


re determined from 


lines is less than 

ound state and as a 

ire subject to con- 

orption. This is re- 

rease ino temperature 

current although the results 

ie not considered ilid, they have 
been included to thustrate the difficulty 

in attempting to use transition probabili- 

ties that have been determined in ab- 

sorption studi 

the results of the above 

were iat inconclusive in 

is determining which of the at- 

tempted methods of measuring the are 

temperature concerned, the authors 

believe that the results produced by the 

intensity ratios of Fe 3425/Fe 3415 are 

probably the best. Consequently, the 

intensit ratio of these 
used in the next study 


two lines was 
concerning the 
elect: ol rious ar atmospheres on 


temperature 


Effect of Gas Atmospheres 


vias losed in a quarts 
hamber and the spectra observed in 
itmospheres of different gases, Line 
ratios were calculated using 

415 pair with the re- 


in Table 2 Although it 


|| 
|| 


\ 


Fig. 3 Infrared energy distribution 


curve 


Table 2—Influence of Gas Atmosphere on Arc Temperature 


{imo phe 
Carbon dw 
Nitrogen 
Au 
Argon 
Helium 


mperature, 
A 
5200 
(4900) 
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tre m pe ralures 


rh 
table 
| 
\ 
\, 
Wh 
4 \) 
ore 
‘drop. 

1 40 

i 4) 

1.16 


was expected that the ionization poten- 
tial of inert gases would increase the 
arc temperature over that of air and the 
dissociation of carbon dioxide would 
have a quenching effect which would 
reduce the temperature, it may be seen 
from the line intensity ratios of Table 
2 that the results are exactly the reverse 
of those anticipated. These studies 
indicate, on the other hand, that carbon 
dioxide atmospheres surrounding the 
are produce the highest temperature 
whereas argon (and possibly helium) 
produce the coolest are. Air and nitro- 
gen, both of which are polyatomic, seem 
to fall in an intermediate atmosphere 
range. The line intensity ratio shown 
for helium is in considerable doubt since 
a satisfactory arc could not be main- 
tained in pure helium. 


Infrared Studies 


With this background information 
regarding arcs, the investigation has 
been extended to include study of high- 
current constant potential welding arcs. 
emphasis is presently being placed on 
determination of the liquid drop tem- 


peratures. An infrared spectrometer 
has been set up to evaluate the radia- 
tion from the arc. The premise is made 
that only the liquid or solid material in 
the are will emit a black body type of 
radiation. The wave length versus in- 
tensity curve that is obtained from such 
an arc can be corrected for the emis- 
sivity of liquid iron and Wien’s dis- 
placement law applied. This law states 
that the wave length at which a maxi- 
mum intensity is obtained on the Plan- 
kian curve is simply related to the 
temperature. Therefore, determining 
the wave length at the peak of the radia- 
tion curve permits a determination of 
the temperature of the liquid iron. 
Figure 3 shows one of the first curves 
obtained directly 
eter. (This curve has not been cor- 


from the spectrom- 


rected for emissivity of iron or for ab- 
sorption of the optics). In this run, 
most of the radiation came from the de- 
posited metal and not from the drops 
in the are stream. In future experi- 
ments, various portions of the are will be 
examined 


As stated initially, this paper must be 


regarded as a progress report only 
Further studies are continuing, par- 
ticularly in the infrared range. It is 
hoped that this research will lead to a 
better 


characteristics of the are and will dis 


understanding of the physical 


close information about regions therein 
that are important in welding 
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Malleable Iron Committee 
Organized by WRC 


At the request of the Malleable 
Founders’ Society, the Welding 
Research Council has organized a com- 
mittee to deal with malleable iron under 
the chairmanship of 8. E. Kelly, Eber- 
hard Mfg. Co. 

Some of the questions which face this 
committee are: Shall engineers and 
the malleable industry sanction the 
welding of malleable iron and, if so, 
what is the recommended procedure? 
What rods can be used? What tem- 
peratures are safe? 

At present the welding of malleable 
iron is generally thought to be con- 
fined to unstressed parts or to the repairs 
of surface defects where that surface is 
not subject to machining. Pronounced 
differences of opinion exist on this prob- 
lem. Welding is successfully accom- 
plished on nodular iron which is basic- 
ally similar to malleable iron. 
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Acting on its own initiative the Mal- 
leable Founders’ Society has launched a 
preliminary test program to determine 
the present state of the art in the weld- 
ing of malleable cast iron. At a meet- 
ing of the committee to be held shortly, 
suggestions for future research work 
will be considered. 


Madrid Meeting of IiW Devoted 
to Productivity by Welding 


The public session to be held in 
Madrid during the annual assembly of 
the IIW, July 1-8, 1956, will be devoted 
to the subject of productivity by weld- 
ing, covering such topics 48 welders’ 
training, factory tech- 
niques and methods of work, equip- 
production, 


organization, 
ment, during 
etc 

The papers will show the advantages 
of welded construction from the point 
of view of productivity but will not 


inspection 


make any comparison of the respective 
advantages of the various welding proc- 
esses or of the different types of equip- 
ment used in fabrication. 

Because of the short time available 
for the public session, only a limited 
number of papers can be presented ; pro- 


visionally the maximum number of 
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papers to be presented by em h member 
country has been fixed at four; however, 
if some countries have not submitted 
this number of papers by the closing 
date given below, it will be possible for 
further papers from other countries to 
be presented instead 

All papers submitted will be examined 
by a Selection Committee composed of 
Spanish experts who will decide on the 
papers to be presented and may also 


limit the number of those to be dis- 


cussed at the public session Authors 
will be informed as early as pos ble 
whether their papers have been 


accepted, 

It has been decided that the papers 
shall not be read at the public session 
but only discussed; they will be printed 
before the meeting and distributed to 
all those who attend it. 

A simultaneous interpreting service 
into the three languages will be avail- 
able at the session. 

In order to facilitate the arrange- 


ments, prospective authors are asked t« 
send in three copies of their 
before March 15, 1956 

Further information may be obtained 


papers 


from, and papers should be sent to 
Comision Organizadora Asamblea IIS 
Instituto de la Soldadura, Goya 5k, 


Madrid. 
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